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Abstract (continued)

terial. This, however, is not possible for turbine blades becau:
of strenth considerations, and the coolant is injected throuh
one or scveral rows of holes. For aircraft gas turbines, air is
used as a coolant.

The present investiqation, therefore, is concerned with the cool
ing performance of film cooling when cooling air is injected int,
the boundary layer throuch one or two rows of holes. A standari
confiuration of the coolant holes is used because it has been
used in previous investigations and because confiqurations in -w
tual turbine blades are close to it. The cooling holes art, ti-
ranged ot a distance apart equal to three times the hole dii,,f'
For injection throuqh two rows of holes, the two rows are st.w'i-
qred and the centers of the holes are on the corners of eqc' I.-
feral trianles. The channels which end at the blade skin ini ,
coolinq holes are inclined by an angle of 350 against the skiti
surface in the downstream direction.

All experiments were conducted with air in the mainstream and ;,:

a coolant. The velocities were of the order of 20 m/s and tem-
perature differences were kept small. The effects of Mach numbe
and aerodynamic heating are, therefore, not included. In a qas
turbine, the highest temperature is that in the mainstream, the
coolinq air is the lowest, and the skin temperature has values i,
between. The heat flux at the skin surface is directed from the
boundary layer into the skin. The experiments are performed witi
the cooling air having the highest temperature and the heat flux
havinq the direction from the skin into the boundary layer. Thi:
results in better experimental arrangements. Film cooling effec
tiveness values and heat transfer coefficients are independent o
the direction of the heat [lux as long as temperature difference:
involved are sufficiently small to consider the transport proper-
ties involved as constant.
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INTRODUCTION

4Film cooling is used extensively for the blades of high-

* performance, high-temperature gas turbines, especially for air-

craft gas turbines. In this method, a film of coolant is in-

jected into the boundary layer covering the skin of the blades

and creating a cool layer which separates the blade surface from

the hot gas stream and, in this way, reduces the blade tempera-

ture. For best performance the coolant should be injected

through a slot or a strip of porous material. This, however, is

not possible for turbine blades because of strength considera-

tions, and the coolant is injected through one or several rows of

holes. For aircraft gas turbi nes, air is used as a coolant.

The present investigation, therefore, is concerned with the

cooling performance of film cooling when cooling air is injected

i nto the boundary layer through one or two rows of holes. A

standard configuration of the coolant holes is used because it

has been 'ised in previous investigations and because configuri-

tions in actual turbine blades are close to it. The cooling

holes are arranged at a distance apart equal to three times the

hole diameter. For injection through two rows of holes, the two

rows are staggered and the centers of the holes are on the cor-

* ners of equilateral triangles. The channels which end at the

blade skin in the cooling holes are inclined by an angle of 35*

against the skin surface in the downstream direction.,

All experiments were conducted with air in the mainstream

and as a coolant. The velocities were of the order of 20 rn/s and

temperature differences were kept small. The effects of Mach
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number and aerodynamic heating are, therefore, not included. In

a gas turbine, the highest temperature is that in the mainstream,

the cooling air temperature is lowest, and the skin temperature

has values in between. The heat flux at the skin surface is di-

rected from the boundary layer into the skin. The experiments

are performed with the cooling air having the highest temperature

and the heat flux having the direction from the skin into the

boundary layer. This results in better experimental arrange-

ments. Film cooling effectiveness values and heat transfer coef-

ficients are independent of the direction of the heat flux as

long as temperature differences involved are sufficiently small

to consider the transport properties involved as constant.

Parameters Describing the Heat Transfer Performance

The temperatures determining convective cooling of a bound-

ary layer are the temperature of the mainstream and the wall sur-

face temperature. Sometimes the heat flux from the surface into

the alrstream is prescribed instead of the surface temperature.

Film cooling performance depends on an additional temperature

--namely, that with which the coolant leaves the injection holes.

Various methods are possible to systematically describe the ef-

fect of these parameters on the heat transfer performance of film

cooling. One way, which is extensively used in publications on

film cooling, is based on two parameters: a film cooling effec-

tiveness and a specially-defined heat transfer coefficient. The

film cooling effectiveness parameter is
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In this equation, T% is the mainstream temperature (the recovery

temperature has to be used when the effect of aerodynamic heating

becomes important). Te is the temperature at which the cooling

air enters the boundary layer. Taw is that temperature which a

location of the cooled surface under consideration assumes in

film cooling provided no heat passes through the surface.

Gas turbine blades are equipped with internal cooling in ad-

dition to the film cooling and, correspondingly, in general, heat

passes through the skin surface and is picked up by the internal

cooling air flow or is conducted away within the skin. A heat

transfer coefficient is introduced to describe this situation and

is defined by Eq. 2

q = h (Tw - Taw) (2)

in which q denotes the heat flux through the skin surface per

unit time and area and h is the heat tranfer coefficient. It can

be seen that it is defined with the difference between the actual

wall temperature, Tw, and that templerature which the wall surface

assumes under adiabatic conditions. Equation 2 has the advantage

that it makes the heat flux zero when the wall temperature, Tw,

is equal to the adiabatic wall temperature, Taw, as required by

definition. Many experiments have also established that the heat

transfer coefficient defined by this equation differs little from

the heat transfer coefficiert which exists on a surface exposed

to a boundary layer flow without film cooling as long as one ex-
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cludes conditions in the close neighborhood of the injection

holes. This makes it possible to use the extensive amount of in-

formation which is available on normal convective cooling in pre-

dicting the heat transfer performance of film cooling. Equations

1 and 2 are obtained by superposition of solutions for the energy

equation describing film cooling which is linear in temperature

when the properties determining the flow and heat transfer can be

considered as constant and havinq the same value for the main-

stream fluid and the coolant.

A different method has been proposed and is used for full-

coverage film cooling in which all of the surface to be cooled is

provided with a regular pattern of holes through which a coolant

is injected. The process approaches in the limit of an

infinitely-large number of infinitely-small holes the transpira-

tion cooling method, aiid the parameters which have been used in

transpiration cooling are being used to also describe full-

coverage film cooling. For the normal film cooling processes

which are considered here, the method using Eqs. 1 and 2 has the

advantage listed above and is therefore preferable.

The Effect of Curvature of a Turbine Blade on Film Cooling Per-

formance

The majority of research papers published on film cooling

describe the results of experiments in which a flat plate is used

as the film-cooled wall. Experiments obtained in this way were

used in design calculations for gas turbine blades based on the

reasoning that the heat transfer process in a boundary layer is
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influenced by surface curvature only indirectly through the pres-

sure variation in the main stream as long as the boundary layer

thickness is small compared to the radius of the surface curva-

i ture. For three-dimensional film cooling this may not apply be-

cause the jets leaving the holes sometimes penetrate deep into or

through the boundary layer. A series of experiments, which are

described in detail in Appendices 1 and 2, have, therefore, been

performed in our laboratory to study the effect of surface curva-

ture on film cooling with injection through holes.

The experiments were performed in a cascade tunnel described

in Appendix 1. Six blades with the shape shown in Fig. 1 are lo-

cated in the channel and the two central blades are equipped with

either one or two rows of cooling holes. The blade shape is the

same for the experiments with one row of holes. The following

parameters determine the film cooling performance. The main flow

Reynolds number, ReD , is defined with the freestream velocity,

V., at the outer edge of the boundary layer, the density and vis-

cosity of the main flow, and the diameter, D, of the cooling

holes. This Reynolds number had a value of approximately 3000,

which is close to the value in actual gas turbines; the ratio of

the displacement thickness of the boundary layer to the hole di-

ameter was approximately 0.09 in our experiments; the ratio, M =

peVe/p-V., of the mass flux of cooling air leaving the injection

holes to the mass flux in the main stream had values between 0.2

and 2. The effectiveness also depends on the laminar or turbu-

lent condition of the boundary layer and in the injected air as

II
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shown in Appendix 3. Both streams were turbulent in the present

study.

A heat-mass transfer analogy was used in the present experi-

ments. The mainstream air and the cooling air were at the same

temperature. Mass transfer was created within the boundary layer

in a way that a different gas (helium, freon) was mixed with the

. cooling" air and was injected into the interior of the hollow

blade shown in Fig. 1 through a tube with a number of holes.

This gas mixture then left the blade through the cooling holes

and the local concentration in the boundary layer close to the

blade surface was measured by samples which could be withdrawn

through small holes located downstream of the cooling holes.

Film cooling effectiveness values can be determined from the mea-

sured concentrations through the heat-mass transfer analogy, the

validity of which is well proven by previous experiments.

A sample of the results obtained for one row of cooling

holes is shown in Fig. 2. The effectiveness values n averaged in

a spanwise direction are plotted in this figure for two values of

the ratio of the distance, X, downstream from the cooling holes

2to the hole diameter, D. The parameter I cos a used on the ab-

scissa is defined in the following way:

2

I cos 2a = PeVe COS2 (3)
2

p G V00

in which p denotes the density, V the velocity, and a the angle

under which the coolant passages are inclined towards the blade
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surface. The index e refers to the exit of the coolant passages

and the index to conditions in the mainstream at the outer edge

of the boundary layer. This parameter compares the component of

the momentum flux of the fluid leaving the cooling holes parallel

to the film-cooled surface with the momentum flux in the main-

stream and can be shown to be an important parameter describing

the flow interaction between the coolant jet and the mainstream

(Appendix 1). In Fig. 2, the densit y ratio is close to 1 and

2 2/V. _jc os C9 has a value of 0.671. For this density ratio, Ve/W

equal to the square of the blowing parameter, M4, which is con~en

tionally used in film cooling. Results are presented in the fig

ure which has been obtained on the concave (pressure) wall and ot.

the convex (suction) wall of the turbine blade. Results are

also added which were previously obtained on a flat film-cooled

wall. The figure demonstrates a large effect of curvature on

film cooling such that the effectiveness is up to twice as large

on a convex wall and only one-half as large on a concave wall as

on a flat plate for values of the momentum flux ratio I cos 2 a

smaller than 1. The relative position of the effectiveness val-

ues is reversed for values of the momentum flux ratio larger than

1 but the difference is not as large. The effect of curvature is

smaller for f ilIm cooling with injection through two rows of

holes, as shown in Fig. 3, bu t it is still sufficiently large

that it has to be included in design calculations for gas turbine

blades. A discussion of the physical processes which lead to

this effect of curvature is contained in Appendices 1 and 2. I
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Laminar Versus Turbulent Boundary Layer and Coolant Injection

Data on film-cooling effectiveness and heat transfer coeffi-

cients found in the literature agree qualitatively but sometimes

show considerable quantitative differences. This will be shown

later on. In addition, most of the experiments on film cooling

have been performed in such a way that the boundary layer ap-

proaching the point of injection was intentionally made turbu-

lent. On the other hand, film cooling on turbine blades is usu-

ally provided close to the nose region of the blade where the

flow is strongly accelerated and often laminar.

The following experimental investigation was carried out as

a contribution to both of the questions raised in the preceeding

paragraph. The results are discussed in detail in Appendix 3.

The most significant findings will be outlined in the following.

The study was concerned with film cooling by injection of

coolant through a single row of circular holes inclined at an

angle of 350 in the mainflow direction and with a lateral spacirg

between the holes of three diameters. The velocity of the main

flow was nearly constant along the film-cooled flat plate down-

steam of the holes. The Reynolds number of the mainstream and of

the injection flow were sufficiently small to make the approach-

ing boundary layer and the coolant flow through the injection

channels laminar. Both flows, however, could oe made turbulent

by trips in the boundary layer approaching the coolant injection

or in the tubes through which the coolant approached the injec-

tion holes. The mainstream Reynolds number based on the hole di-
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ameter had a value of 3.4 x 10 and the injection Reynolds number

was 6.0 to 6.7 x 10 The ratio of boundary layer displacement

thickness to the hole diameter 2 mm upstream of the leading edge

of the injection holes was kept approximately equal for the lami-

nar and for the tripped turbulent boundary layer and had values

between 0.14 and 0.16. Air was used in the main stream as well

as for the injected fluid. The temperature of the mainstream and

of the injected fluid were kept almost equal so that the density

ratio for both fluids was close to 1. Electric heating was used

for the heat transfer experiments generating a heat flux which

was nearly constant along the surface downstream of the coolant

i nject ion.

Laterally-averaged local heat transfer coefficients, h, were

measured without injection and the results are presented in Fig.

4. Two solid lines present the results representing an estab-

lished relation (Eq. 1) for convective heat transfer on a plane

surface with a laminar boundary layer and f or convective heat

transfer in a flow with a turbulent boundary layer over a flat

plate (Eq. 2). Experimental results are listed as square and

triangular symbols for a laminar boundary layer (no trips) and a

boundary layer which was made turbulent by trips. In some of the

experiments the holes were closed by a thin tape to avoid a dis-

turbance of the flow by a cavity effect of the hol es. The exper-

Iniental results for the laminar boundary layer and closed holes

follow closely the line describing laminar convection except far

downstream where some transition to turbulence occurred. The
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open holes, however, caused a transitic of the boundary layer to

turbulent flow and created a heat transfer coefficient close to

the relation for turbulent convection regardless of whether the

approaching boundary layer was laminar or turbulent.

Laterally-averaged film effectiveness values are presented

in Fig. 5 over the dimensionless downstream distance X/D for two

blowing rates M = 0.50 and 0.99. The lines identified by a capi-

tal letter present the results of earlier published investiga-

tions listed in Table 2 of Appendix 3. They confirm the state-

ment made earlier that a considerable difference exists between

the effectiveness values measured by various investigators, espe-

cially at M = 0.50 and at values X/D smaller than 20. A partial

explanation of these differences follows from the measurements

obtained in the present investigation which are listed as full

and empty symbols in the figure. It is observed that the main

differences occur at the blowing rate M = 0.50 and that they are

caused by a laminar flow in the injection tubes versus a tripped

turbulent flow in these tubes. The influence of a laminar or

turbulent condition in the approaching boundary layer is less

significant and can only be observed for X/D ratios smaller than

about 15.

The ratio of the laterally-averaged heat transfer coeffi-

cient hW measured without injection is plotted in Fig. 6 over the

dimensionless distance X/D, again, for a blowing rate M = 0.50.

The upper two curves indicate that this ratio is close to I for

the whole range of X/D as long as the approaching boundary layer



is turbulent regardless of whether the jet is laminar or turbu-

lent. For a laminar boundary layer approaching the injection,

the ratio of heat transfer coefficients is again close to a value

of 1 for X/D larger than 30. This points, again, to the advan-

tage of defining a heat transfer coefficient for film cooling

with Eq. 1. However, the ratio W/h 0 deviates from this value for

smaller X/D ratios. The flagged symbols use for h0 a heat trans-

fer coefficient without injection as reported in Fig. 4 for the

initially-laminar boundary layer. For this situation, the ratio

of heat transfer coefficients is always larger than one in the

range X/D smaller than 30. Use of the heat transfer coefficient

without injection for an approaching turbulent boundary layer

makes the ratio of heat transfer coefficients in Fig. 6 somewhat

smaller (unflagged symbols) and leads, in some cases, to values

smaller than 1.

In summary, it can be stated that the laminar or turbulent

condition in the approaching boundary layer, as well as in the

film cooling jets, has an influence on film-cooling effectiveness

and on heat transfer in some range of Reynolds numbers when film

cooling is obtained by injection from a single row of holes.

Local Heat Transfer in the Neighborhood of Cooling Holes

Effectiveness values as well as heat tranfer coefficients

reported in the literature as well as the ones described in the

previous section have been made for the ratio X/D larger than

about 5. Failure of turbine blades is often caused by local

thermal stress concentrations and it can be expected that tem-
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perature gradients causing thermal stresses have especially large

values close to the cooling holes. For this reason a study was

performed which is described in detail in Appendix 4.

Local transfer coefficients have been measured on a flat

plate equipped with one row of cooling holes. The mainstream

Reynolds number, ReD, based on the hole diameter had a value

11 x 10 with a velocity in the tunnel of 15 m/s. The boundary

layer and the flow in the injection channel was turbulent. The

method of naphthalene sublimation was used to obtain local mass

transfer coefficients and the heat-mass transfer analogy then can

be used to convert those to heat transfer coefficients. Fig. 7

shows contours of the ratio h/h 0 in which h denotes the local

heat transfer coefficient with film cooling and h0  the heat

transfer coefficient for forced convection on a surface covered

by a turbulent boundary layer. It can be recognized that two re-

gions of large values of this ratio exist. One is on the sides

of the cooling holes. It is probably caused by a horseshoe vor-

tex which wraps around the jet at the location of injection. A

second region of large gradients Is located downstream of the

holes and is probably caused by a separated flow region.

The temperature gradients in the skin of a turbine blade

will surely be smaller than the gradients of heat transfer coef-

ficients which can be obtained from the fiqure. They may, how-

ever, still assume values leadinq to hiqh stresses because of the

relatively poor conductivity of the heat-resistant steels used

for the blade skin. The gradients of the heat transfer coeffi-
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cients along the surface of the skin of the turbine blade taken

from Fig. 7 may be used for an analysis of the temperature dis-

tribution in the blade skin which has to consider the heat con-

vection at the skin surface, in the cooling air passages, as well

as heat conduction in the skin in the neighborhood of the cooling

holes. A stress analysis can then be based on this temperature

distribution.

*Local Heat Transfer Near the Intersection of a Plane Surface and

a Cylinder Normal to It in Flow Parallel to the Surface

A system was designed to study the heat transfer in the vi-

cinity of film cooling holes along the leading edge region of a

turbine blade. For simplicity, a circular cylinder was used.

The design permits injection holes to be placed in the cylinder

which have a radius of hole diameter to cylinder diameter similar

to that which occurs in the stagnation region of a blade. Be-

cause considerable detail was desired in the heat transfer dis-

tribution, the mass transfer analogy is used. This makes use of

the sublimation of a naphthalene surface and permits very precise

local measurements of the mass transfer coefficient--particularly

true when one wants to find the relative effect of injection on

the transport coefficients.

Before the holes were put in the tube, preliminary measure-

ments were made for mass flow from a cylinder in crossflow. It

was possible to make very precise local measurements. Figure 7

shows the distribution of mass transfer around the cylinder in

the region of two-dimensional flow (for large Z/DEL1 ) well away
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from the wind tunnel walls. In these experiments, the Sherwood

number can be considered equal to the Nusselt number. Theta de-

notes the angular distance from the stagnation lines.

A very interesting phenomena was observed in these tests. A

deep trench was found close to the wall--that is, on the cylinder

but well into the boundary layer along the wall (for

Z/DEL 1 << 1). Figure 9 shows the variation of mass transfer coef-

ficient with distance from the wall at specific angles, 0, around

the periphery of the cylinder. Note that a very large increase

is found close to the wall. In this region, near the normal sep-

aration point, the mass transfer coefficient increases by a fac-

tor of about 7 over the value in the two-dimensional flow region.

Even close to the forward stagnation region, where the mass

transfer coefficient is normally quite high, there is an increase

of almost a factor of 2. This large increase in mass transfer is

related to the horseshoe vortex that forms around a cylinder in

crossflow within the boundary layer along a wall through which

the cylinder protrudes. The intense nature of this increase in

mass transfer in the small region in which it occurs indicates

that this may not be due to the main horseshoe vortex but to a

very small but very intense vortex within the horseshoe vortex.

This phenomenon can have a significant effect on a number of heat

transfer situations, particularly near the base of a turbine

blade. It may lead to very high local heat transfer coefficients

and, consequently, to very high thermal stresses. Conduction

would tend to equalize the temperature in the blade but the poor
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conductivity of normal high-temperature blades can still cause

significant variations in the temperature distribution and high

stress.

Survey of Film Cooling Performance on Gas Turbine Blades

Studies at this laboratory performed on film cooling and

their application to design calculations for gas turbine blades

have been discussed in a survey paper which is attached to this

report as Appendix 5. The study describes all of the significant

findings, including some of those reported here.
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s.sc Fo Film Cooling of a Gas Turbine Blade
R. J. Goldstein The local film-cooling produced by a row of jets on a gas turbine blade is measured by a

mass transfer technique. The density of the secondary fluid is from 0 75 to two times that
Mem. ASME of the mainflow and the range of the mass flux ratio is from 0.2 to three. The effect of

blade-wail curvature on the film-cooling effectiveness is very significant. On the convex
wall, a near tangential jet is pushed towards the wall by the static pressure force aroundE. R. G. Eckert the jet. For a small momentum flux ratio, this results in a higher effectiveness compared

Proessor. with that on a flat wall. At a large momentum flux ratio, however, the jet tends to move
Mom. ASME away from the curved wall because of the effect of inertia of the jet resulting in a smaller

effectiveness on the convex wall. On the concave wall, the effects of curvature are the re-
epoartmem of Mehauical EnpnW, verse of those described for the convex wall.

Ufiversy Of Minnesota.
Minneapolis Minn.

Introduction A mass-heat transfer analoi;y is useful in studying film-cooling ef-
fectiveness. Instead of injecting heated or cooled secondary fluid, a

Film cooling is used to protect a solid surface from a high temper- fluid at the mainstream temperature which contains a foreign gas is
ature mainstream by releasing a coolant on the surface to be protected, injected. A local impermeable-wall effectiveness, 71, is defined by
This secondary fluid can be considered as a heat sink for the heat flow
from the hot mainstream or as" an insulating layer between the hot C_ - C.(
mainstream and the surface. A summary of film cooling on flat walls C2 - C_
is given in 111.2

Film cooling has found wide application in gas turbines where If there is no foreign gas in the mainstream
performance generally increases with turbine inlet temperature. Al- Ci,(4
though the strength of the alloys at high temperature has improved, C2
a gas turbine provides a temperature and stress environment which
is beyond the limit alloys can presently achieve without cooling. In The analogy of the mass transfer process to the heat transfer process
the past, convection cooling was applied to blades and vanes. More holds if the turbulent Lewis number and the molecular Lewis number
recently film cooling combined with convection cooling and/or im- are unity. If the flow is sufficiently turbulent, variations in the mo-
pingement cooling is used in blades and vanes, lecular Lewis number from unity may not play an important role Il.

For design purposes, it is often required to know the relation be- -Pedersen 121 checked the effect of molecular Schmidt number on the
tween the heat fluxes to a wall and the temperatures of the wall sur- impermeable-wall effectiveness. There was no apparent effect of the
face. With film cooling, the heat transfer coefficient is customarily molecular Schmidt number of the injection gas. Strictly speaking the
defined by analogy holds if the densities at arbitrary corresponding locations are

= h(T - To.) (1) the same in the two cases. For a turbulent flow, this requires that the
q hmolar heat capacities of the injected jet and the mainstream fluids

The heat transfer coefficient and the adiabatic wall temperature have are the same or that T 2/T. a 1 (31. When the analogy holds, the
often been studied independently. The present study concerns the relation between the adiabatic film-cooling effectiveness and im-
adiabatic wall temperature, To., or the adiabe tic film-cooling effec- permeable-wall effectiveness is given by
tiveness, qT, defined by

T,., - T_ 17T (5)
17T = T2 _- (2) 'IT +  Cp\

T,- T. I + - 17
C,,2 Cp2

'Pre"ently Assistant Professor, Ikutoku Technical University, Atsugi, Ka- where cp. and co2 are the specific heats of the mainstream and the
nagawa-ken. Japan. secondary fluid in the heat transfer situation. This relation is verified2 Numbers in brackets designate References at end of paper. 131 by using existing experimental results for two-dimensional film
Cntributed by the (as Turbine Division of the AMERICAN SOCITY OF If c = C

MECHANICAL. ENGINERS and presented at the Tokyo Joint Gas Turbine cooling, C2
Conference. Tokyo. Japan. May 23-27, 1977. Manuscript received at ASME
Headquarters AuLust 4. 1977. JLT Iti (6)
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Most studies of film-cooling effectiveness have been aone using In the present paper measurements of the impermeable-wall ef.
plane walls. The effects of curvature have been investigated only re- fectiveness on convex, flat 121. and concave walls are compared. For
cently. the comparison the same ratio of boundary-layer thickness to the hole

Rastogi and Whitelaw 1.11 preented a procedure for predicting diameter would he ideal. However, though the effectiveness at the
mear-flow properties of laminar and turbulent two-dimensional wall centerline of the hole is increased by decreasing the boundary layer
jets on curved walls. The paper briefly alluded to the effect of burface displacement thickness 1!1. 101, the lateral average effectiveness is not
curvature on film cooling-indicating a higher effectiveness with a greatly affected by the boundary displacement thickness (see 11I and
convex wall and a lower effectiveness with a concave wall. Folayan and [121).
Whitelaw 151 recently reported an experimental and computational
investigation of the influence of curvature on the effectiveness of Analysis of Curvature Effects on Effectiveness
two-dimensional film cooling. Outside the range of parameters which The following analysis will explain the curvature effect qualitatively
results in separation, they indicate that an increase in convex curva. and establish the important parameters.
ture tends to improve effectiveness and an increase in concave cur. Assumptions. The impermeable-wall effectiveness is given by
vature to decrease effectiveness, equation (3) or (4). The wall gas concentration is affected by the path

Assuming that the static pressure distribution does not change with that the secondary (jet) flow foilows as it penetrates into the primary
secondary fluid injection, Nicholas and LeMeur (61 predict from the flow. If the diffusion rates are the same for the same given conditions
momentum equations with a two-dimensional secondary fluid on a on walls with different curvatures, then one can expect that the jet
wall surface that if there is no longitudinal pressure gradiant, Archi- whose height above the wall is smaller gives higher effectiveness if the
medes type forces might either increase or decrease effectiveness velocities and the mass flow rates are the same.
depending upon the sign of the curvature of the wall and upon The following assumptions are made in the analysis of the effect
whether the momentum flux ratio is larger or smaller than unity. The of curvature on film cooling:
effect of angle of injection is not included. For two-dimensional in- (1) The radius of curvature of the wall. r,, is constant along the
jection on a concave wall, they find good agreements with experi- downstream direction, X-direction.
mental results. (2) The amount of the secondary fluid is so small that the static

Hart 171 measured adiabatic film-cooling effectiveness downstream pressure distributions are not disturbed by the secondary flow
of injection through a single circular hole into a mainflow. The angle for a tangential jet.
of injection was 35 deg on convex, flat, and concave walls. Up to a mass (3) For a tangential jet, the momentum of the jet changes from
flux ratio of 0.4 to 0.5 the injection from the convex wall resulted in p2 U2

2 at X = 0 to p.U,2 for X - -. For a jet injected at an
a higher centerline effectiveness than for the injection from the flat angle to the surface, the density times the square of the X-
walls whereas on the concave wall the effectiveness was substantially component of the jet velocity changes monotonically from
lower. The curvature effect reversed at higher mass flux ratios. P2U2

2 cos2a to p.U. 2 for 0 deg < -< 90 deg.
Mayle, Kopoer, Blair, and Bailey 18 studied curvature effects in Jet Flow Over a Surface. Consider a jet flowing parallel to a wall.

two-dimensional film cooling. They found that the adiabatic film- Over a flat wall the center of the jet trajectory tends to remain parallel
cooling effectiveness was higher on a convex wall, but lower on a to the wall neglecting entrainment effects near the surface of the wall.
concave wall. This effect was attributed to the influence of curvature Over a curved wall the jet may move closer to or further from the wall.
on Reynolds stress and the turbulent heat flux. The range of mass flux This tendency of the jet on a curved wall may be determined consid-
ratio was 0.5 to 0.9 at a density ratio of 0.9. ering the balance of the forces exerted on a portion of the jet which

. Nomenclature

C = mass fraction of foreign gas at an ir- r..) Vj - volume of a portion of secondary fluid,
permeable wall rj = radius of trajectory of center of injected downstream of an injection hole

C2 = mass fraction of foreign gas present in fluid X - distance along wall downstream from
secondary fluid r. - radius of curvature of wall. (The positive the downstream edge of injection hole

C. - mass fraction of foreign gas present in direction of the radius is from the inside to X. = normalized axial distance of cascade
mainstream the outside of the wall. r. > 0 on convex (cf Fig. 3)

Cp2= specific heat of secondary fluid wall, r. < 0 on concave wall.) Z = lateral distance from centerline of in-
cp.. specific heat of mainstream fluid rwo = radius of curvature of wall at location jection hole
D - diameter of injection hole of injection - a - angle between the injection hole center,
h = convective heat transfer coefficient, T.. = adiabatic wall temperature line and the direction of U.&

I = momentum flux ratio, p2 U2
2/p.,U. 2  T. - wall temperature P - boundary layer displacement thickness

#_ dU. T2 = temperature of injected fluid at location of injection
K acceleration parameter, t - T. - mainstream temperature or recovery C - local impermeable-wall effectiveness,

dX temperature equation (3)
L, - blade chord length t . spacing between the center lines of two W - lateral average of impermeable-wall ef-
L, - blade pitch adjacent injection holes fectiveness
M = blowing rate or mass flux ratio, U - local mainstream velocity in flow direc- CT - local adiabatic film-cooling effective-

pUIJ p.,U. tion ness
Mas - Mach number at cascade exit U, - mean velocity of secondary fluid, vs = kinematic viscosity of mainflow at cas-
P - local static pressure downstream of an injection hole cade exit
Pk- total pressure at center of cascade U1 - mean velocity of mainstream at cascade P. - kinematic viscosity of mainflow at in-

inlet inlet jection
q = heat flow per unit time and area U2 = mean velocity of secondary fluid at the pj - density of a portion of a jet, downstream
Re3 = chord Reynolds number, U,,Les exit of injection hole of an injection hole
Re. - mainstream Reynolds number based U3 = mean velocity of mainstream at cascade p2 - density of secondary fluid at exit of in-

on hole diameter, U.D/lv. exit jection hole
r - radius of curvature of mainstream. (The U. = mainstream velocity at location of in- p.. - density of mainstream fluid

direction of radius is the same as that of jection = positive value, 0:5 : 5 1
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is assumed to be parallel to the wall at an arbitrary location to be where
considered.

Consider the flow over a curved wall with no jet present. The cen- 0 LC 0 1

trifugal force on a control volume would be balanced by the static Putting this into equation (10)
pressure difference on the volume. Thus,

dP ' rjf 1 + (1- 1) (12)
tip - (7) r(1

dr r The relative size of rj is dependent on the momentum flux ratio.

where r is the radius of curvature of the stream. The direction of r and Thus
r,, are chosen to be positive from the inside of the wall to the outside.
Then.randr., are positive for a convex wall and negative fora concave Irj > Ir,,I for! > 1

wall. If the total pressure is constant in the radial direction. U is in- Jr, = Jr. I for If
versely proportional to the absolute value of the radius.

Ifa jet is present and close to the wall as should be true for a film- rJ < tr.I for! < 1
cooling jet. the radius of curvature of the flow, r, is approximately r. Considering the direction of the static pressure force over a surface,
and the velocity (U) is U.. Then. the sign of the curvature of the jet and the wall should be the same.

dP U. 2  If the absolute value of the radius of the jet is smaller than that of a
- = P- (8) curved wall, the jet comes closer to a convex wall, but moves away from
dr r.

a concave wall. Then. the film-cooling effectiveness on a convex wall
Now consider a portion of a jet. downstream of an injection hole, which for given conditions would be better than that on the flat or concave
flows parallel to the wall (Fig. 1). The centrifugal force on the fluid wall under the same conditions if I < I and worse if I > 1. On a concave
in the control volume is in balance with the same force, wall. the film-cooling effectiveness for given conditions is better than

dr Ur2 that on a flat or convex wall if I > I and worse if I < 1.
dr (9 If a film-cooling jet enters the mainflow at some angle, a, (0 deg -<a _< 90 deg) the motion of that jet over a curved wall can be used to

In obtaining the trend of the jet trajectory we are ignoring the dynamic determine the relative film-cooling performance. For the height of
pressure of the mainstream on the jet which always tends to push the a jet above a curved surface to be the same at any location as the height
jet over into the direction of the mainstream, of a jet leaving a flat surface, the force in the radial direction due to

From equations (8) and (9) the static pressure on the jet must balance the force to accelerate the
U_.2  

Uj 
2  jet in the radial direction. Then results analogous to those found above

P. - = - for a jet entering tangentially are found ifp 2U2
2 

cos2a is used instead
. of pP2 U 2

2
. Again we are ignoring the effect of the dynamic pressure of

or the mainstream. This should not affect the trend of the change in the

direction and thus the trend in cooling effectiveness on walls of dif-
r. = U(10) ferent curvature. When I cos'2 is less than unity the resulting jet

would tend to turn more towards the surface on a convex wall than
The value of p i 2 should be between the value of the enteringjet on a flat or a concave wall.

pU22 and the value p.U.". Thus, with The film-cooling effectiveness on a convex wall is better than on
U 2 - pU,2 a flat or a concave wall if I cos2a < l and worse if I cos2a > I for the

-p2U2
2 

- p.U. 2  same conditions. The film-cooling effectiveness on a concave wall is
better than that on a flat wall if I cos2a > I and worse if I cos2ca < I

P2UJ - ffi 0~q)(1- 1) (11) for 0 deg < a < 90 deg.
P- U - ?"  Ifa jet were injected upstream (a > 90 deg), the injected jet would

tend to be turned downstream a short distance from the location of
injection. Then the effect of inertia of the jet on attachment or sepa-
ration from the curved surface would be small; instead, the jet is
mainly influenced by the static pressure force on it. The film-cooling

2-  effectiveness on a convex wall should be then better than on a flat or
Uj 2  concave wall at all blowing rates.Pj

PJ Experimental Apparatus

The present experimental study has been carried out using a low
velocity wind tunnel at room temperature as shown in Fig. 2. A cas-
cade of six blades-four solid and two hollow blades-is used. One
of the hollow blades has a row of holes (a - 35 deg) on the suction side
and the other has a row of holes a = 35 deg on the pressure side. The~surfaces with holes face each other. The spacing between the cen-

d i jr.terlines of two adjacent injection holes is 3D (D - 0.238 cm). The ratio
lJ of blade span to chord length is 3.55. The rather long span is designed

to avoid secondary flow and to allow use of only the central part of the
span where the inlet velocity distribution is expected to be uniform.
There are threaded holes in the top well 0.76 times the chord length
upstream of the leading edges of the blades to insert pilot tubes and

rW  a thermocouple. The inlet velocities, angles and temperature are
measured at this section.

The shape of the blade used in the present study was supplied by
the Aircraft Gas Turbine Division of the General Electric Co. The
blade chord length, L, and the pitch. L., are 16.91 cm and 13.11 cm

Fig.1 Th.a s r of t1 trajectory Of a lot flowing over a Convex wall respectively. This compares to the chord length of 4.0 cm for the actual
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blade. The secondary fluid is supplied to the inside of the blade At the location of injection on the suction side, the calculated
through a brass tube which has a row of holes. Taps for obtaining gas boundary layer displacement thickness, 6*, (using the approximate
samples are located near the center of the span. Samples of gas can method due to von KArman and Pohlhausen 1131) is 0.22 mm and 6ID
be drawn from all the taps in a blade at once. To assure spanwise is approximately 0.09. With this ', U,6*/v,. = 300. Since the critical
uniformity of the jets, the brass tube carrying the secondary gas in Reynolds number for K - 0 is about 660 [131, the boundary layer
the blade is rotated and fixed at the position giving the most uniform before the injection holes is expected to be laminar or in transition.
flow. Satisfactory uniformity was obtained. In most of the experiments On the pressure side, there is an adverse pressure gradient near the
only 2:3 of the 79 holes are used. The rest of the holes are covered by nose of the blade. The boundary layer at the injection hole on this
thin tapes. surface is expected to be turbulent which is confirmed by the exper-

Fig. :3 shows the normalized mainstream velocity profiles on the iments of the aerodynamic loss of the flow in the cascade 13[.
blade surfaces. The velocities are obtained from the inlet total pres-
sure at the center of the inlet section and the static pressure at the taps Experimental Results and Discussions
in the walls assuming that the flow is incompressible and potential If the boundary layer is not turbulent, an additional requirement
flow. This is actually - 2(Plk - PlIp./U3. The experimental results for fulfilling the mass-heat transfer analogy is that the value of the
agree well with the calculated results which were supplied by the molecular Schmidt number is equal to the Prandtl number. However,
General Electric Co. The measured inlet and outlet flow angles also even though these are different, in film-cooling the analogy may still
agree within 0.2 to 0.3 deg with the calculated flow angles, be fulfilled because of the strong turbulent mixing of the secondary

The secondary gas is produced with the desired density from a fluid with the mainstream. Also, since .he gradient of the mass con-
mixture of helium or refrigerant- 12 and air. The sampled gases are centration (temperature) perpendicular to the wall should be zero on
analyzed by a gas chromatograph. Details of the secondary and the impermeable (adiabatic) wall, the effects of the laminar region
sampling systems and the analysis of sampling gases are given in may be very small. The effects of Schmidt number on impermeable-
[2,31. wall effectiveness are checked [31 by using air with a tracer of helium,

whose molecular weight is 4 and Schmidt number is 0.2 in the air. and
refrigerant-12, whose molecular weight is 120.9 and Schmidt number
is 1.7 in air [21. The effectiveness with the different tracers was similar
for similar experimental conditions on both pressure and suction

Instrument surfaces-indicating that the mass-heat transfer analogy holds in the
Support present experiments.

FThe effect of the mainstream Reynolds number on the lateral av-
Exit \ Wood erage impermeable-wall effectiveness on the suction (convex) side/ was checked by reducing the mainstream speed to about half of that

normally used in the experiments. The average effectiveness de-
pended very little on the mainstream Reynolds number.

Examples of the results of local impermeable-wall effectiveness
12 measurements for the convex (suction) and concave (pressure) sur-

faces are shown in Figs. 4 and 5.
SFlow. The lateral average effectiveness for the density ratio of 0.95 as a

0 function of XID is shown in Fig. 6 for suction side injection and in Fig.
i7 for pressure side injection. On the suction side the largest effec-

tiveness is obtained at M = 0.5 to 0.7. With further increase of M, the
- Solid Blades effectiveness decreases because of penetration of jets through the

Screens 469 x60 Hal low Blades boundary layer. For M from 1.5 to 2.0 the effectiveness increases be-
Turning V s Cross-section Instrument Hole cause of increase of the secondary mass flow even though the jets may

102x 97 Cross-section penetrate through the boundary layer. On the pressure side the ef-
Flow Straighteners Unit of Length= cm fectiveness at small M (or I) is very small. This is because the static

Fi. 2 Scthemati of wi funel and casaft pressure force acts on the jets in the direction to move the jets away
from the surface. With high M or I for the near tangential jets the jets
tend to strike the concave surface downstream resulting in relatively
high effectiveness.

In Figs. 8 and 9, comparisons of the results for convex, flat, and
U i concave walls are shown at p2/p. = 0.95 and p2/p. an 2.0 respectively.

LocatinThere are substantial differences for the different surfaces. The im-
.2 -, . Of injeton portance of I cos2a as a parameter to correlate the curvature effect

0--0 0-- on the effectiveness was shown in the analysis. For p2/p_ - 2.0 withSI cos2a = 1.3 (see Fig. 9), the average effectiveness is smallest on the
0 " 10* I.Or"concave wall near the injection hole. At that condition, the kidney-

shaped jet may just be forming. Thus, the effectiveness is very sen-
0.8 - "sitive to experimental conditions. Further downstream the concave

surface gives higher effectiveness.
0.6 U -- For a better understanding of the curvature effects, the effective.

R.- , 62 7* Pressure Sie ness is shown as a function of! cos2 
at X/D - 10 and 40 for p2/p. =

0.4 4.ncm) U3  0.95 in Fig. 10. The lines for convex, flat, and concave surfaces cross0- 0 '0* _-Sucon "'.S". ideat!I cos2a a 1.
0.2 Locolon of Fig. 11 shows comparisons of the average wall effectiveness at a

inecton - Calculated, nco mass flux ratio of 0.5 for different density ratios on flat, convex, and(Supphed by GE)

0. concave surfaces. At the lowest density ratio the jet has a larger mo-0 0.2 0.4 0.6 0.8 1.0 mentum flux and thus tends to move further away from the surface
Normalized Distance X, resulting in lower effectiveness for the same mass flow (At I. This can

Fig. 3 Normaxed mainstream vefoeity profile on blade. Ma3 - 0.06. Res be observed for the results for the flat and concave walls. However,
- 2.32 X 106, = 35 d" on the convex wall this trend is observed only near the injection holes.
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Further downstream the effectiveness is higher at the smallest density
ratio.

Conclusions
0 -- Trends in the effects of curvature on film cooling effectiveness of

0 10 20 30 40 50 X/D a jet flowing parallel to a wall can he explained by determining

Pg6 Lateral seros Ofetvs on Cava (suiction) surface p2/p~. whether the injected fluid moves closer to or further from the wall
0.911 surface. The trend of the jet trajectory can be determined by con-
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crature, p~p = 2.0 0.95

sidering the ba ance of the forces exerted on the injected fluid of ther- I

jet hv the "s aic pressure and the centrifugal force along the path of M=0.5
the injected fluid. For a jet injected at an angle to a mainstream 17 4D .75 L1.52.01
without a longitudinal pressure gradient, if I cose2a is larger than unity, 0.5- 1 L1
the effectiveness is smaller on a convex wall, but larger on a concave Wall 3 6- a
wall than o-l a flat wall for 0 deg :5 a :5 90 deg. For I COS20 less than Convex 0 a0*
unity the effectiveness tends to, be greater on a convex surface than 04- Flat e a a
on a concave one. Concave 1' 0' 6

The curvature of a surface iiear the injection holes or slits is par-
ticularly important to the filnm -cooling effectiveness. Even over a short 0.3-
distance downstream of the injection holes, say XID of 5, there are
substantial curvature effects on the effectiveness.L
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Abstract U2  mean velocity of secondary fluid at the exit
of injection hole

I The effectiveness of film cooling on turbine
blades in a linear cascade has been measured us- U3  mean velocity of mainstream at cascade exit
ing a mass transfer analogy. This present study
examines the importance of curvature on film fL. mainstream velocity at location of injection
cooling with two rows of staggered injection
holes on the pressure (concave) and suction (con- X distance along wall dovmstream from the
Ivex) sides of a turbine blade. Comparisons are downstream edge of injection hole,see Fig. 2
made with earlier studies, particularly with one
in which a single row of holes is used to provide Y distance normal to surface, see Fig. I
Ithe film cooling on convex and concave surfaces

-- C land another in which a flat surface was studied Z lateral distance from centerline of injec-
which had injection through two staggered rows of tion hole
holes--similar to the present injection geometry.

'The results of the experiments indicate that cur B angle between the injection hole centerline
Ivature plays an important role in determining and the direction of U.
film-cooling effectiveness even with multiple-row
Injection. At low.and moderate blowing rates the n local impermeable-wall effectiveness
'effectiveness is better on a convex than on a
concave surface. At high blowing rates the ef- lateral average of impermeable-wall effec-
fectiveness Is not greatly influenced by the tiveness
surface curvature. The influence of curvature,
however, is much less than was found with injec- P2 density of secondary fluid at exit of injec-
tion through a single row of holes where the in- tion hole
dividual jets tend to act more independently. In

"'- general, the two rows of holes provide higher p. density of mainstream fluid
effectiveness on any of the surfaces than does a
single row of holes-certainly at the same blow- P. mainstream v: scosity
Lng rate and, in general, also for the same mass
addition per unit span of the blade. P2 viscosity of injected gas

a a
: two - dimensional film cooling parameter,

Nomenclature [(X + 1.909D)/MS1 (Re2P2/P)O
- 25  

for pre-
sent geometry, see Ref. 4 -"

D diameter of injection hole

i momentum flux ratio, 02U2
2
/.U,

2  
I. Introduction

Le blade chord length, see Fig. I Over the past two decades, gas turbine designs
have progressed to ever higher turbine inlet tem-

L- blade pitch, see Fig. I pertures as a means of decreasing specific fuel
consumption. In some designs the turbine inlet

N blowing rate or mass flux ratio, P2U2/P-U. temperature is of the order of the melting-point
temperature of the blades. Cooling of these

a. density ratio, 0210. blades is required not only to maintain them be-

- low their melting point but at sufficiently low
1
1
eD Reynolds number, p.U.D/U, temperature to ensure reasonable operating life.

Iej injection Reynolds number, P2U2D/P2 For aircraft engines the only coolant generally

I available is the working fluid--air--passing
S width of equivalent two-dimensional slot (a through the system. Coolant air is taken off at

Slot having outlet area per unit span equal some stage in the compressor and thus is already
to that of the injection holes, wD/6) at an elevated temperature. In addition, the

L - [men Inti nely poor heat transfer characteristics of
: U] manp velocity of sainqtreie at esqcade inlet str and the temperature drop-across the low con-
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ductivity blade material usually indicate that in the downstream row. The flow of an isolated
internal convection cooling of a turbine blade by jet entering a mainstream with a pressure gradi-
itself would not be sufficient. Some means must ent normal to the surface might not be directly
be taken to reduce the heat flow from the hot gas applicable in determining the trajectory of the
to the outside surface of the turbine blade. jets nor the resulting film cooling effective-
This is often done with film cooling in which ness.
relatively cool air from the compressor is intro-
:uced close to the surface of the blade. This The present study is intended to demonstrate the
air flows downstream along the surface, reducing influence of surface curvature on film cooling
,the heat transfer to the blade by decreasing the following injection through two staggered rows ofS.temperature in the boundary layer. In typical injection holes. Both convex and concave sur-
blade configurations, injection holes are used to faces are used. The same six-blade turbine cas-
introduce the coolant sir. One or more rows jf cade described in Ref. 7 is used in the present
holes are used in the stagnation region of the study with additional rows of holes on the cen-
blade and often on both the pressure and suction tral blades. The results on the blade can also

*~surfaces of the blade, be compared to results for injection through twoI rows of holes on a flat surface.
Studies of film cooling date back to World War I
II. Host of the early work

1 
concerned two- Apparatus

dimensional film cooling in which a continuous
'slot across the surface to be cooled is used to A linear cascade of six blades is used. The two
introduce the coolant flow. A number of studies central blades, shown in Fig. 1, have injection
have been reported on the use of one row of holes on their facing surfaces--one on the con-

' holes
2
,
3 

two rows of holes
4 

and many holes5,- tc cave side, the other on the convex sie2. The in-
supply coolant on a flat surface over which a jection holes, 2.38 mm in diameter, are placed
mainstream flows. somewhat downstream of the stagnation region,

about 15-20% of the curvilinear distance from the
Turbine blades, of course, are not flat surfaces, stagnation line to the trailing edge of the
The pressure side is concave; the suction side is blade. Two staggered' rows of injection holes are
convex. On curved surfaces, a jet entering a used, both inclined at an angle of 35 to the
Imainstream can behave quite differently from one blade surface at the first row (cf, Fig. 1). The
,hat is injected through a flat surface. Above a injection holes are not slanted laterally. Indi-
convex surface, the pressure in the mainstream vidual holes are 3 diameters apart from their
flow increases with distance from the wall. A neighbors on the adjacent row as well as from the
et of low momentum, compared to the mainstream. adjacent holes on the same row--cf, Fig. 2.

"ould be "pushed" .y this pressure gradient to-
wards the wall, preventing the lift-off that TANGENT TO THE SURFACE
might occur at the same flow rate on a flat sur- AT THE CENTER OF THE

face. This would tend to provide better film 35" FIRST ROW OF HOLES U
cooling than occurs on a flat surface. However, 3
0 the jet had a high momentum flux relative to 4.

'"Ohatof the freestream, the jet night tend to =2.3 .
leave the surface on the convex wall and rela- gr3m

ely poor film cooling performance would occur.

h opposite effects would take place for film
pooling on a concave surface--i.e, the jet would 35 -

b be moved away from the surface by the mainstream
.pressure gradient at low momentum flux while with INLET TO

high momentum flux the jet might be expected to. BLADES PLENUM

-.-pinge on the surface downstream of injection. TYPICAL

.e predicted influences of curvature were ob-
.erved in experiments with injection through a

single row of holes conducted In a cascade
7
. Un-

"ar these circumstances, each jet can act inde-
pendently, at least to some distance downstream L'
bf the row. Thus, the simple qualitative analy-

6L6 describing a single jet might apply for a row
,of jets. It was found that on the convex sur- Figure I Central test blades in cascade"""' %- -', , ace, the film cooling was considerably better
than on a flat or concave surface at low values A mass transfer analogy is used in which a for-

6f the momentum flux ratio, 1, while at high mo- sign gas is the "coolant" and local measurements
I mentum flux ratios the effectiveness on the con- of gas concentration at the impermeable wall of
I vex wall was lower than on either a flat or con- the blade are made. With the small size of the

S "cave surface. blades (still approximately four times actual

* -I turbine size), it would be difficult to make I
With injection through two rows of holes the up- thermal measurements of effectiveness due to con-
stream jets can fill the spaces between the jets duction errors. Previous tests on flat surfaces

have shown the validity of the analogy..
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plenum mixture is drawn off in order to determine

the injection mixture concentration. Small sam-
pling holes, 0.41 mm in diameter, are located
downstream of the injection holes on the surface

on which film cooling takes place. An array of
Z holding devices is connected to the sampling

holes to receive a sample of the flow near the
surface. These systems are connected to a vacuum
pump to maintain a pressure lower than the pres-

X sure on the blade surface; this generates a flow
to the sample holding devices. This flow iB
small, so the concentration field on the surface

of the blade is not disturbed. Samples of gas

U00 O.5D from the plenum and from the region close to the
----- wall are analyzed in a gas chromotograph. The

STATIC f- OD mass concentration of gas from the sampling taps
PRESSURE'." 4 when divided by the concentration of the injected

TAPT~ "gas in the plenum before the injection holes is
.... . 5D the impermeable wall effectiveness and, by anal-

"e "-" i ogy, is equivalent to the thermal film cooling

"'- S- 
" - 

E 
-  

effectiveness on an adiabatic surface.
7

D3 - I SAMPLE 1I

DRAWING Procedure
26..TPThe wind tunnel flow is turned on and stabilized

'" for one hour. Sample holding devices are connec-

ted to the manifold and the suction holes. Sec-

ondary flow components are metered and time is

allowed for stabilization of the concentration in
.- the plenum. The vacuum pump is then turned on
Figure 2 Injection hole geometry and the suction manifold pressure is established.

Data, such as pressure differences and tempera-

The mass transfer analogy also affords an easy tures, are collected. Sample holders are clamped
means of obtaining a range of values of the ratio after 20-35 minutes of suction and then trans-
of the density of ins cted flow to that of the ferred to a gas chromotograph. At the chromoto-" " " reestream. many early tests used density ratios graph, with the aid of some known concentration
close to unity while in a high-temperature tur- samples, a calibration curve is established for

bine, the injected gas may have a density twice each run. The plenum sample is analyzed to es-
. ;hat of the main flow. In the present study two tablish the injection concentration. Then samr

". ensity ratios are used. A mixture of helium (Sc ples from the taps are analyzed to determine the
..235 In air) and air provides a density ratio local wall concentration.

of 0.96 while a mixture of freon 12 (Sc - .72 in
ir) and air provides a density ratio of 2.0. In The ratio of mass concentration at the wall to
ill cases the main flow is air and the entire that in the plenum is the local impermeable wall

. .ystem Is close to isothermal at the ambient tem- effectiveness, n. These values can be numerically
"erature. integrated, across Z, to give the average effec-

tiveness, n, at a given position downstream oi
The velocity of the main flow in the wind tunnel injection, X.
Is 12 m/s as it approaches the blade cascade. At.

""- he point of injection of the first row of holes, Results

.he velocity is about s m/s (Re D - 750) on the
pressure side and 20 m/s (ReD - 3,000) on the Local wall effectiveness for two different blow- t
suction side. The blowing rates--defined as ra- Ing rates and both density ratios atw shown for 44b
tio of the mass velocity of the injected flow to the suction side of the blade on Pig. 3 and Lee
-at of the freestream--are 0.25, 0.5, 1.0, 1.5, along the pressure side of the blade on Fig. 4L

- .'d 2.0. At moderate blowing rate of 0.5 on the suction
-.. L side, there is little variation of the results

i.,1culations indicate that the pressure differ- with lateral position Z. At this blowing rate
.. sn across the blade wall in the absence of main with the increasing pressure away from the sur-
flow is much larger than that on the surface be- face, the injected flow is apparently spread out

.. tween the two rows in the absence of injection, better laterally across the surface. At higher

erefore, f. the assumption of equal velocity blowing rates on the suction side, there is con-
f Injection and film cooling parameters for the siderable variation of effectiveness with Z until

,w .o rows should hold. about 25 diameters downstream of injection. For
both blowing rates there is considerable lateral

The components of the secondary flow mixture are variation of n across the pressure surface, at
metered separately, mixed in a plenum, and flow, least to X/D of 40.
via a pipe, to the inside of the blade and then
through the injection holes. A sample of theLI~________________________________ _________________________________
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Average values of effectiveness across the span Fig. 6 shows the variation of the local effec-
(Z direction) were obtained from numerical inte- tiveness along the centerline of an injection
terest to compare these values, n with the re- blowing rates and the two density ratios. The

sults obtained for slot injection (two- results are for the pressure side of the blade
dimensional film cooling). For two-dimensional &nd indicate that there is little influence of
film cooling, a parameter, C, has been found to density ratio on effectiveness along the surface
porrelate the data well. This parameter can be it least up to a blowing rate of unity. This
aerived from a simple energy balance on the boun- does not hold true on the suction side of the
dary layer.

1  
Figure S shows the variation of n blade where there are mach larger variations of

with 4 for both density ratios and over a range effectiveness, and the momentum flux ratio, I,
of blowing rates and positions downstream of in- plays a more important role in determining the
jection. Although there is not a direct corre- Jet trajectory and effectiveness.
ipondence with the two-dimensional correlation,
-he parameter C can be useful in correlating the igure 7 is a comparison of the results on the
results. For the range of the present tests the iuction side of the blade with similar data from

* "ffectiveness on the pressure side is generally Ref. [71, in which the same cascade was used but
* .ower than that found with the two-dimensional with only a single row of holes. The hole dia-

borrelation on a flat surface, which is shown as meter and spacing between the holes along a
;he solid lines on the figure. On the suction single row is the same for the two studies. For
Wide, particularly at large values of t, the mea- the same blowing rate, M, the effectiveness is
lured effectiveness is greater than for slot in- much higher with the two rows of holes. This" ection. An earlier study

q 
'als showed that the might be expected as for constant M, twice as

-. &verage effectiveness for injection through two much gas is injected per unit span across the
.taggered rows of holes on a flat surface com- blade because of the presence of the two rows.
pared favorably with this two-dimensional film it is of interest to compare the results for two-
ooling correlation. iow injection at a given N with those for a

single row at twice that value of M; then the in-* f -.. jection per unit span would be the same.

PRESSURE SIDE

M'z1.58 1 z 1.30 R 1.92 Re] = 1252
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On the suction surface, the average effectiveness 100 SUCTION SIDE
at K - 2 with a single row of holes is much less R=2.O

than that with two rows of holes and H - 1. Sim- - -- oA 3A M-1.51 v'a

-ilarly. for K = I with the single row of holes I o M1.5
and M = 0.5 for the two rows, at least for the F 0 M=O.55

density ratio near unity. However, for M approx- O M'O.26.i.i lmately 0.5 with the single row of holes, the re- -40-1 =-- 2-0 CORRELATION0

I3ults at least at moderate and large X are close
Ito those for M of about 0.26 with two rows of .-1,,
holes. Thus, atleast at relatively low blowing 10SUCTION SIDE R=0.96
rates some distance downstream of injection, the UO 7 R' 0." 6
concept of energy balance is useful on the suc- 0 0 oA _ oo V
tion side --i.e., a given amount of injection per 77 0 =N1 05-. o (. 0
,unit span provides approximately the same effec- &. M-1.40 0 .
tiveness for single-row and two-row injection. 0 Mn1.O1
Sorewhat similar results for film cooling on a O0 M .53flat surface are reported in Ref. 9.F 0 M =0.26

i I I i i I i I a .i l i I

The bottom set of curves on Fig. 7 refer to re- -
0

'suits along the pressure surface of the blade. PRESSURE SIDE R'2.0
" For the same mass injection per unit span the two " 0 01

!rows-of-holes configuration provides much higher 7 o 1
! effectiveness at small X/D than does the injec- F Mz2,11 0

tion through a single row of holes. However, - Mi.8 0
;even at large values of H, the results for the 10-1 v M'i.04 0
two injection configurations approach each other v M.26 

:at large X/D, indicating that in this region the 0 M.02

important factor for the cooling application . I , , . I I 1 , , I , -

:would be the enthalpy deficit introduced by tPe PRESSURE SIDE R=0.96
li n j e c t e d f l u i d .

-

When describing the relative motion of a single 0A

'jet introduced into a mainstream flowing over a j 1 0 Ma_2.06
icurved surface, it is convenient to consider a A __- 1.51 90 VD =M :0.99 V 0
1parameter representing the momentum flux of the 0 0 M= 0.9

paraete mih e1 M -0.49 0
'jet relative to the' mainstream.

7  
This might be 0 M'O.24 0

the momentum flux ratio, I, for a given angle of
! injection. To obtain a representation of the mo- P
'mentum flux in the mainstream direction, a para- 100 101 10

2

!meter IcosB or Icos
2
B might be introduced.

-. ' I Figure 8 presents the average effectiveness Fiue vrge effectiveness compared with two
Jas a function of the parameter Icos

2
$ at two dif- dimensional film cooling correlation for

Iferent positions downstream of the injection flat surface--solid line (Eq. 5 of Ref.4)'
-. '- .holes. In addition to the results from the pre-

sent study, data from Ref. [4] are shown to indi-

cate the effectiveness on a flat surface. The
Idata presented in Fig. 8 indicate that for small,

. and moderate values of ICOS
2
0, the effectiveness

* 'is highest on the convex side and lowest on the
concave surface and has n intermediate value on
the flat surface. As ,a

2
o (and M) increases,

the three curves appear to merge. The relative
performance for the different surface curvatures
Is similar to that for a single row of holes

7 
at PRESSURE SIDE

the low and moderate values of Icos
2 B. .

0 Z/D • 0
Fig. 9 Is a comparison of the film cooling re- 0 "M

, suits for injection through two rows of holes and 0.3 -M -0.49 R0.96

effectiveness is higher for a given surface with 0.2 a A -M.1.04, R.1.93
the two rows of holes than with the single row ol 0.1 [ a A -M.0.249, R2.06

thetw ros f ole tan it te snge rw f * s- M•..6, R.•2.69

holes at any value of lcos
2

B. Perhaps the most - M.26. R- 2.69
marked differences between the results are that 0 1.-- 20 30 40
'with a single row of holes there is a pronounced X/D
:maximum of effectiveness on the convex side and
then a significant fall-off as the jets penetrate
into the mainstream. Only a weak maximum is pre- Figure 6 Centerline effectiveness of different

sent with injection through two rows of holes, density ratios on the pressure side
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FLAT, CONVEX AND CONCAVE SURFACE
0 -M 2.05, I =4.34, R.97 X/D - 1.0

SUCTION A -M 1.40, I -O2, R-0.97 0- CONVEX R 0.96
SIDE 0 -M -1.01, I 1.04, R=0.97 A - CONCAVE R 0.96* - M 2 1.99, I z4.16, R-0.96 

a F R0.: T O.. - 2 
0.4 

o0 a 03-
0.4 A 7- 0.3

* 03 0 0.2-

" "0.2 - 0.1I , I ,

01 I 0.4 X/ 40

0 - M - 0.53, 1 - 0.29, R- 0.97 0.3
""SUCTION A -M a 0.26, 1 - 0.07, R= 0.97
" SIDE * -M -0.50, 1= 0.26, R= 0.95 0.2
"A -M = 0.20, I

= 
0.01, R- 0.95 0.1

05- a -M 0.98, - 1.01, R=0.96 "0.5 0
0.4 1 2 30 .4 - I C O S 2 9

--O.3 iFigure 8 Comparison of average effectiveness

0.2- with film cooling results obtained on a
flat surface (Ref. 4)0.1. '

I I I IConclusions

PRESSURE a - M 1.04, 1=0.56, R 1.93 The surface curvature appears to have a signifi-PS E 0-M=O.49,. 1 0.12, R 2.06 cant effect on film cooling performance with in-
SIDE a -M= 1.93, 1 

= 
1.88, R 1.98

0.5- .M 1.01., I 0.52, R 
= 

1.96 jection through two rows of staggered holes. The
influence of curvature, however, is less than

0.4 -that with injection through a single row of holes
71 0.3 where the jets tend to act more Lndependently.

With thi staggered rows, the gaps between the in-
0.2 dividual holes in a row are filled in by jets

0.1 from the other row with a resultant film cooling

0 I approaching the performance one might expect with
C0  10 20 30 40 50 60 70 two-dimensional (slot) injection. Even so, the

X/D effectiveness is considerably higher on the con-
vex (suction) surface than on a flat or concave

I urface, particularly at low and moderate blowing
I.rates. There ic a slight maximum in effective-
I.ness on the convex side as the parameter Jcos

2
8

Figure 7 Comparison of average effectiveness increases, but this is weak compared to the axi-
with results for injection through one mum with a single row of injection holes. The

row of holes (shaded symbols--Ref. 7) average effectiveness increases monotonically

with Icos
2
0 on the concave surface, approaching

With the two rows, the effectiveness on the con- the results on the convex surface at high values
.- ave surface continually increases, approaching f Icos

2
.

-hat of the effectiveness on the convex side.

fhere is no significant crossover of the curves it moderate and high blowing rates the tilm-
* .:. s occurs with single-row injection. cooling effectiveness with injection through two

rows of holes Is considerably greater than that

"Igure 10 compares the results of the present following injection through a single row ofI tests using two different density ratios. The holes--both determined for the same mass injected
.- ,.., Iensity ratio does not affect the general shapes per unit span. This can generally be attributed

.nd trends of the curves, particularly for injec- to the more continuous distribution of injection
lon on the suction side. However, on the pres- across the span, tending to reduce the occurance

sure side, the blowing rate, M, actually corre- of lift-off or blow-off of the jets. At low

lates the data better (cf, Fig. 6) for the two blowing rate on the convex side and over a range
different density ratios than does the momentum of blowing rates on the concave side, although
flux ratio, I, or Icos

2
e. On the pressure side, the injection through two rows of holes is still

then, the influence of the momentum flux ratio on considerably better than for injection through a
jet trajectory does not influence the effective- single row of holes at small values of X, the re-
ness as much as does the enthalpy or concentra- suits for the two injection geometries approach

:ion deficit introduced by the injected fluid.

_ _i_ _ - ~ _ _ _ _ _ _ _
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The Influence of a Laminar
Boundary Layer and Laminar

R.J. Goldstein Injection on Film Cooling
PeoarTment of Mecnaacae Engineering.

Umversiry a' Minnesota, r form ance
Minneaoomis. Minn 55455

Fellow ASME
.leasuretnents are reported of the film cooling effectiveness and heat transfer
following injection o /air into a mainstream o air. A sinele ro t o )"circular injection

T. Yoshida holes inclined at an angle of 35 deg is used with a lateral spacine between the holes
Nationai Aerosoace Laboratory of 3 dia. Low Rey'nolds number manstrean and injection flow permit studbu1.Lst the

i0Ky. Japan influence oJ a laminar approachink' boundary layer and laminar.flim coolant itow.
Assoc ,lem ASME . Ieasuremnents of the surlace heat transler taken with no 'niectton indicate that the

hole openin's can effectively trip the latninar boundarY layer into a turhulent riow.
The type of the approaching boundary layer has relatively little influence on either
the adiabatic elfecti'eness or the heat transfer with film coolinz. The importance 0l
the nature of the injected flow on filmn cooline perjormance can at least be
qualitatit'el, e.xplained by the differences in the transport mechanisms and in the
penetration of tie injected air into the mainstream.

Introduction
Film cooling has been used in many systems to protect solid detailed description of the wind tunnel is gisen else%% here [I S.

surfaces exposed to high-temperature gas streams. The 191. The test section has been changed from previous studies
coolant injected into the boundary layer acts as a heat sink, by decreasing its length and by removing trips %%hen a laminar
reducing the gas temperature near the surface. Applications approaching boundary layer is desired.
have been widespread. pariicularly in gas turbine systems The test section floor is ot low thermal conductivity
where combustion chamber liners, turbine blades, and other material with stainless steel heater foils stretched across it.
hot parts of the engine have used air, usually taken from the Five circular injection tubes are located at three-diameter
exit of the engine compressor, for the film coolant, spacing in the lateral direction and inclined at 35 deg to the

In the leadin -edge region of turbine blades there is often a mainstream flow. When a turbulent boundary layer is desired.
very high surface heat transfer. In this region, film cooling a trip is placed on the wall as shown in Fig. 1. A thin tape may
and the associated convection cooling in the coolant-injection be placed across the injection holes to reduce their influence
holes have found ssidespread use in maintaining suitable skin on the mainstream flow when studying the boundary layer in
temperatures. In most experiments done on film cooling, both the absence of injection. The cross-sectional area of the test
the wall boundary layer and the flow through the injection section is essentially constant and the stream%%ise pressure
holes have been turbulent. However, in the leading edge gradient is close to zero.
region and for some distance downstream, the boundary layer The freestream velocity is kept constant at 4.5 m. s. With
flow along the blade may be laminar. In addition, at low this velocity the Reynolds number, Re0 , is of the order of
injection rates, the flow in the injection holes may be laminar, magnitude of that which exists in the leading edge region of a

Several investigators have considered film cooling with a gas turbine blade 13000 to 10.000).
laminar boundary layer along a flat surface [1-4]. In ad- The flow through the injectior tubes can be changed to
dition, experimental studies on leading edge injection have obtain different blowing rates. At the lowest blowing rates,
been reported using a cylindrical model [5, 61 and a flat-plate the flow in the absence of any trip in the tubes is laminar. To
model with a circular nose [71. There are also data on the obtain a turbulent boundary condition at low Reynolds
characteristics of film-cooled turbine blades with iojection numbers, trips 10 dia upstream of the tube exits-are used. No
holes in the leading edge region [8-131 and on full-coverage trips are used at the high Reynolds number for which'tur-
film cooling [14-171. There has been little attention paid to a bulent tube flow occurs naturally. In both the boundary layer
direct comparison between the film cooling results with a and the injection tubes, velocity and turbulence measurements
laminar boundary layer and with a turbulent boundary layer are obtained with a hot-film anemometer having a 0.051 mm
on the surface as well as for laminar versus turbulent flow in dia by 1.0 mm long sensor.
the injection holes. in the present work, local measurements The experiments are conducted under steady-state con-
of the adiabatic wall effectiveness and heat transfer with film ditions. When measuring adiabatic wall temperature, heated
cooling on a flat plate are described. By inserting or removing air is injected to simplify the flow and measurement system.
trips along the wall and/or in the injection tubes, laminar or Assuming constant properties, the dimensionless adiabatic
turbulent flow can be obtained at approximately the same wall temperature should be the same with film "heating" as
wall or tube Reynolds numbers, with film cooling. For the heat-transfer experiments, an

approximately constant heat flux boundary condition is
Experimental Apparatus and Test Conditions obtained from the foil heaters and the injected air is not

The present study has Ineen conducted in a low-speed, open- heated so that it is essentially at the same temperature as the
circuit, induced-flow wttud iunnel at the University of Min- free stream (and T., = T,).
nesota. A sketch of the wind tunnel is shown in Fig. I. A Wall temperatures are measured by thermocouples em-

bedded in the tunnel floor beneath the foil heaters. A
Contributed byv the Heat Transfer Dmsion for publication in the Jo N AI or correction is made for radiation from the heater and for

HEAT Tt.sFER. Manuscript recetied by tho Heat rransler Otniston %Iarch 16. conduction through tie tunnel floor. However, no correction
1981. is made for conduction in the lateral, Z. direction. such
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Fig. 1 Schematic drawing of test section

conduction \sould tend to smooth out the measurements of transfer coefficients are defined by the following equations:
effectiveness and heat transfer from their true distribution. T_ - T, T. - T.
Thus the lateral distribution should only be used for - , (1)
qualitati-e discussion. The laterally averaged values should - , T. - T(
not be significantly changed by this conduction. h q

The adiabatic-%-all- film cooling effectiveness and heat- T.- T,2

Nomenclature

D = inner liameter of injection tube U= = freestream velocity immediately upstream of
h = heat-tra.-sfer coefficient with injection (see injection holes

equation 2) U., = freestream velocity
ho = heat-transfer coefficient without injection Y = height above test surface
I = momentum flux ratio (p2 &/p,. U. 2) Z = lateral distance from centerline of injection hole
k = thermal conductivity B = angle of injection tube from streamwise direction
K = acceleration parameter (A,.lp. U,. 2 ) (dU.,,dX) 6 = boundary layer thickness (Y where ulu,. -0.95)
L = abbreviation for "laminar flow" P = boundary layer displacement thickness
. = blowing rate (p Cl/p. U,) 6,., = boundary layer displacement thickness near
Mo = fictitious blowing rate when U,. =0, calculated injection location (2mm upstream of injection

from p2 U and the normal value of p,. U_. hole leading edge in present experiment)
Pr = Prandtl number = adiabatic film cooling effectiveness (see equaion
q = wall heat flux 1)

Re = Reynolds number (Re,, = p. U,.D/t., TI, = effectiveness directly downstream of center line of
Re,p 2U.D/,Re, =p,.U.Xo/l,.) injection hole (i.e., Z=0)

T = abbreviation for "turbulent flow" 0 = boundary layer momentum thickness
T = temperature )A = viscosity

T,,. = adiabatic wall temperature with film cooling p = density
T, = freestream recovery temperature
T., = wall temperature Subscripts
Tu = turbulence intensity L = laminar

U = fluid velocity max = maximum value
U' = rms turbulence fluctuation from mean velocity o = without injection
U, = mean velocity of injected flow T = turbulent

U,.ma, = maximum velocity in injection tube 2 = injected flow at tube exit
X = distance downstream of downstream edge of - = freestream condition immediately upstream of

injection hole; see Fig. I injection holes
XI = distance from origin of boundary layer to first

foil heater Superscripts
X. = distance downstream of effective origin of - = average in spanwise (Z) direction or across in-

boundary layer jection tube exit
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Fig. 2 Boundary layer profiles without injection

In the present study, local wall temperature measurements are Table I Experimental ranpe in the present stud%
made and then aerage values calculated.

Table I shows the range of test conditions in the present Freestreamn mean selocii. L'i 4.5 in
study. -reeqtrcan turbulcntce iltCnli. ru = I."

BIo\% i nu ral e. .M 0, 0.35. 0.5

Boundary Layer Flow Without Injection sotnitum iltx ratio. 1 O.ili, - 5.1

Figure 2 slhows dimensionless velocity and turbulence in- Den,tty ratio. p.,# p 0.5. I
tensity profiles above the.wall at different positions along the Reynolds number Re,( =1 U.D,,) 3.4 10'
flow. The Blasius profile for a laminar boundary layer is Reynolds number. Re, L =.--2D,.'#) 6.0 10- 1 -

Normali.,ed displacement thicknes, 2mmindicated as a reference. The location. X/D = - 1.9 and ZID ipsiream of lading edge inieition
= 0, corresponds to a position 2mm upstream of the central hole. 6,,, D 0.16-laminar
injection hole upstream edge. At this location, in the absence 0. 14-turbulcnt
of a trip, the measured profile is very close to the Blasius Acceleration parameter, K 1.2 X I)-
curve. This is true whether or not tape is used on the injection
holes. The slight deviation from the theoretical curve may be At low Reynolds number (Re, - 1.5 x 101), the velocity
due to the near-constant, cross-sectional area of the test profile, in the absence of a trip, is close to that of a fully
section which produces a slight acceleration of the main- developed laminar pipe flow. The turbulence intensity is less
stream (see Table 1). When a trip (wire plus sandpaper than 0.4 percent everywhere across the flow. At the same
roughness) is attached to the wall, the boundary layer Reynolds number, when the trip ring is attached on the inner
becomes turbulent. The trips have been placed at a location ( surface of the tube, 10 dia upstream of the tube exil, the
obtain approximately the same displacement thicknesses at profile is similar to that for fully developed turbulent tube
the injection holes for the turbulent boundary layer as for the flow 120). At larger Reynolds numbers no trip ring is used.
laminar boundary layer. and the velocity profile is close to that of a fully deseloped

Somewhat downstream of injection (X/D=2.84), the turbulent flow.
boundary layer is still apparently laminar with open holes in
the absence of trips, although some distortion in the velocity Film Cooling Effectiveness
profile is evident. Further downstream, at X/D=20.1. the The variation of the laterally averaged, filn-cooling ef-
boundary layer appears to be turbulent with the open holes fectiveness with downstream position is shown in Fig. 4 for
even in the absence of a trip. Although not shown in this two different blowing , s. Curves representing results of
figure, the boundary layer at this location is still laminar in some previous studies are shown for comparison. rhe key to
the absence of a trip wshen tape is placed over the holes. the upper case letters, indicating the source of the eat lier data

for this and later figures, is contained in Table 2.
Injection Flow in the Absence of Mainstream The most notable variation among the results from the

Figure 3 shows dimensionless velocity and turbulence in- present expertment occurs for a blowing rate of' 0.5. The
tensity profiles of the flow exiting from the central injection average effectiveness with laminar injection is considerably
hole (ZID=t) and Y/D=Ot).2) in the absence of the main- lower than Aith turbulent injection. This is true for either the
stream. rlhe flow is not heated. M,, indicates a fictitious laminar or turbulent boundary layer along the wall. It is
blowing rate for a density ratio of unity if the mainstream had known 1181 that the tliln cooling effectieness with J =35 deg
a velociy of 4.5 m/s. reaches a ma.imum isith variation in blowing rate near
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Fig. 3 Injection flow without mainstream

mainstream has a relatively blunt profile so that the maximum
ICru fcr ( cnd b) velocity is close to the mean velocity. With developed laminar

- tube flow, the peak velocity is considerably greater than the

U_ 4 5 m/s, Fe.- =34 average velocity, Thus, the mean momentum flux at the exit0.E5 plane for laminar tube flow would be greater than the mean

0doD OCAMoin L), 0.i4( Main T) momentum flux at the same blowing rate, M, for a turbulent

ymc<MOnlJef I or Plug-type flow.
(A ---- L L .375 At the same mean velocity, or Al, the value of the mean

L ' square velocity for fully developed laminar tube flow is about"---- T .2! 30 percent greater than the mean square velocity for 1/7

0.2 T T .321 power law turbulent flow. Actually, the measured values of0. ) L .323 the momentum flux ratio, I, for the laminar jet were only
about 18 percent greater than for the turbulent jet. A greater
value of I at a given value of M could lead to greater

G penetration of the jet into the mainstream. The film-cooling
S) effectiveness would be particularly sensitive to this effect at

injection rates close to those yielding the maximum ef-
0. Ifectiveness.

(P) (6) With turbulent injection, the influence of the nature of the
boundary layer approaching the injection holes is mostpronounced close to the injection holes. The effectiveness is
higher with a laminar boundary layer at M=0.5. The flow in

(a) M=0.50 the turbulent boundary layer with its greater fluctuations
tends to dilute the influence of the injected fluid. Further

C _ _ _ _ _ _ _ _downstream the curves cross and a slightly higher ef-
045 10 2 Z0 40 fectiveness occurs with a turbulent boundary layer, par-

ticularly with the laminar jets. This may be due to the tur-
1 (bulence causing the jet to mix more and diffuse back towards0.1- GE) (E) thewall.

1. - fhe trends of most of the other investigations are close to
I -h~ A.--.4, the present ones for turbulent jets entering a turbulent

005 (G) A boundary layer. The differences that occur may be due to
(G) uncertainty in experimental measurements and differences in

(b) M 0.99 the Reynolds number. Other influences may be the very blunt

I I I injection profile in reference (1 and the slightly smaller in-
0 20 30 40 5) clined angle and closer spacing in reference 12).

X/0 At a blowing rate close to unity there is a relatively good
FIg. 4 Laterally averaged fllm-ooling .fleCtiveness (see Table 2 for agreement with earlier studies that were performed in this
key to letters designatIng results from other studies) laboratory, though not always with the same apparatus. The

results of 121) indicate somewhat higher effectiveness, but in
M=0.5 for a density ratio close to unity. It is at this blowing those tests the density ratio (p2/p,.) was somewhat higher
rate that there is the greatest sensitivity to potential lift-off of than in the other studies.
a jet flowing from a film-cooling hole. When the jet Lateral distributions of the film cooling effectiveness at
penetrates into the mainstream its "cooling" influence on the different downstream locations are presented in Fig. 5. When
wall is reduced; the enthalpy deficit it provides is no longer the approaching mainstream boundary layer is turbulent, a
near the surface but rather is dissipated in the core of the relative maximum appears near the region ZID= I. This may
primary flow. be due to a pair of vortex flows and the resulting high tur-

In many of the earlier studies, done with turbulent injection bulence which have been observed there. The adjacent
or with a very short injection tube, the coolant entering the minimum has been described 12) as due to the pumping effect
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Table 2 Earlier works for film cooling effectiveness used for comparison

Worker N/ Rep, x 10' P21P/ 6oID Research

(B) Bergeles 0.5 Spacing = 2.67D
121 3.3 1.0 0.095 4 = 30degmass transfer

IE) Eriksen. V. L. 0.493 0.842 For heat transier
1191 4.4 0.149 ,M = .496

0.976 0.848 P. P_
(G) Goldstein. 0.5
Eckert. Eriksen, 2.2 0.85 0.124
and Ramsey. 1.01221

K) Kadotani and I.1 0.245 (KI)
Goldstein 0.5 0.85

1231 4.4 0.175 (K2)

(L) Liess. C. 0.57 Nain: L
I11 1.5 0.79 0.087 Jet: E "

(P) Pedersen, Mass transfer
Eckert and 0.513 1.1 0.960 0.162Goldstein 1211
(S) Sasaki, I = 45 deg
Takahara. Kumagai 0.537 1.5 0.94 0.10 Jet: E
and Hamano (241

Jet: E means not fully developed turbulent but entrance region at the exit of injection holes,

Unless specified:
spacing = 3D

= 35 deg
main: Tand Jet: T
smooth surface. free stream turbulence intensity 5 1.5,o
q from wall temperature measurements

1 04 34 .. ' .an L0.4 1 ,.A) -ziP= , C)55 • ,

"" "P) 
JO

x

- 1E)R 0 0 668 "..... ~~ a,. )4',.x ,

(K (K2) L,' • 3739

- 0 .....-A5.w-

03

K02) 1studies for the turbulent boundary layer and turbulent jet
02. " -:g~~ ----- ' flow. This is also borne out by comparison of curve K I to K2.1 2) 'These results are obtained on the same apparatus but the data

.. ~KI)for curve KI are at lower Re than for K2.oI Figure 6 shows the variation of the average effectiveness" G 0 1.5 0 05 0 1. with blowingparameter at different downstream locations. At

5blowing rates greater than 0.5. the injected flow is turbulent
0 05 0o ,5 0 0. , and the curves show the familiar decline of effectiveness with

PIg.5 iLarlstdrlulonaoteffee~tlveeeatM - 0O.SieTable2tor increasing M. As M is increased still further, above 1.0 orke to lets degnatIng results o oe studi symbols for o I.5, the jets merge together and their influence is felt down on
otIons are the same as in Fig. 4) the wail, especially at large X.

At lowlowowing rates (M<0.5) the flow in the injection
of the pair of totaling vortices. There is considerable dit holes is laminar. The maximum of occurs at considerably
ference in the lateral variation in the present study compared lower values of M with laminar injection than with turbulent
to the earlier ones shown in the figure. The present results injection. it is also noteworthy that for the laminar jet at
indicate more uniform effectiveness in the Z direction. This low values of M can be higher than the peak for turbulent
maey betprt due to the smo othin utiof;the results by injection. This is probably due to the relatively small amount
conduction in the wall in the present work, but perhaps of of mixing (with the mainstream of the laminar jet; at lowlg ,
more importance is the large difference in Reynolds number. shen ihe jet does not leave the wall, this can result in high
The present results were taken at Reynolds number effectiveness, it should be noted, too, that the present results
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for turbulent boundary layer and turbulent injection indicate -
a higher mean effectiveness than was found in [191 and 1231 at ..... -

AI=0.5. This may be due to the higher (-three times)
mainstream and jet Reynolds numbers in those earlier works. " 7- '"

The %ariation of centeriine effectiveness, s/, . with Ml is s-,
shosn in Fig. 7. As observed in the pre ious figures, the
effectiveness at a given Al is considerably lower with the
laminar injection. At moderate values of ., the centerline "
effectiveness for turbulent injection is somewhat higher with
the laminar mainstream. The centerline effectiveness
measured in the present study is less than that observed in ,..
119. 1221, and 1231 for similar conditions of turbulent in- "
jection and turbulent boundary layer. This difference is -------------

apparently due to the lower Reynolds numbers during the
present tests.

Fig. 7 Centerline effectiveness versus blowing rate (see Table 2 tr
Heal-Transfer Coefficient key to letters designating results Irom other studies)

Figure 8 shosss the spanwise-average, heat-transfer coef-
ficient at various downstream locations in the absence of'
injection. A linear average of the local values measured at t2
ZID=O. 0.75. and 1.5 is used. Two sets of data were obtained Ectjor,, 1 l24)
with the holes covered by a thin layer of tape to prevent them -  h,=C44- P;
from introducing a cavity-type roughness which could disturb ,4¢- , S,mtol Poles rrs0Nt:on
the flow. In the other two runs the holes were open, as would AU . .. . . .e. .'o........... 24)
occur ws hen injection takes place, although there is no net
throughtlow of gas. For both the open- and closed-hole A.- Co-eN-o <0
conditions there is a set of data %%hen the boundary layer trips 3lO 

1 •L U Coen Yes he L a ,
were placed on the wall and another set when there were no X"
trips.

W hen the holes are closed, there is little variation lap- ,
proximately 3 percent) of the heat-transfer coefficient in the 2 j
lateral direction. With open holes in the presence of trips this " __i_
variation is approximately 5 percent. With no trip, the open .. - ,
holes can initiate transition and this leads to a significant - ".
variation of I,, across the span; the maximum value of I,,
occurs at Z/D=O. except very close to the downstream edge %..
of the holes. The variation of the heat-transfer coefficient
from the mid-point of the holes to the region half-way be- Fuot
tween the holes (ZID= 1.5)- averages about 10 percent for r~eOter
these open holes without trips and has a maximum of 17 u :0 20 3) 4Cr 6 o0 70

percent. Fig.8 Laterally averaged heat-transfer coefficient without injection
Note in Fig. 8, with taped-over holes in the absence of trips

the heat transfer closely follows the equation (1) which
represents heat transfer along a flat plate with a laminar turbulent boundary layer studied and is taken from the data in
boundary layer. Far downstream, the measured points rise the present experiment with the trip, as %%as true for the plots
somewhat above the predicted curve, perhaps due to tran- with the turbulent boundary layer in the top portion of Fig. 9.
sition. The other three sets of data appear to be represented, It should be noted that this is a somewhat arbitrary reference
at least some distance downstream, by the heat-transfer state-used only for comparison with the other data-as the
correlation (equation (2)) for a turbulent boundary layer on a boundary layer flow for these runs was laminar upstream of
flat plate. When the trips are present there is virtually no injection. With this reference value (in the denominator of the
difference between the measured results for the closed and ratio), we see that there is not a great variation from the he.t-
open holes. In the absence of trips with the holes open, there is transfer coefficient for a turbulent boundary layer without
a transition region downstream from the start of heating. This injection other than close to the holes. There, laminar flow
is indicated by the somewhat lower heat transfer results for injection results in lower heat-transfer coefficients (smaller
this flow condition till approximately 20 dia downstream of transport coefficients); with turbulent injection, the eddies
the injection hole location. Further downstream there appears along the wall give an increase in the heat-transfer coefficient.
to be little difference between this and the data obtained with The other t,,- :urves for the initially laminar boundary
a boundary layer trip. layer case refer to the data (h,, ) from Fig. 8 for open holes inl

Figure 9 shows the variation of the average heat-transfer the absence of a trip. Compared to this case, which had a
coefficient with downstream position for a blowing rate of 0.5 somewhat lower heat-transfer coefficient than when the trip
and different conditions of mainstream and injected flow. At vvas present, the injection increases the heat transfer to a
this blowing rate with the turbulent boundary layer there is maximum of 20-31) percent over that without injection. In the
very good agreement with an earlier study 1191. The average absence of injection there are still essentially laminat patches
heat-transfer coefficient is increased little over that without along the wall with relatively small heat transport. Injection
injection, results in eddies which make the heat-transport coefficient

When the boundary layer is initially laminar, the injection greater than that svith the laminar patches. Far downstream at
has a bigger effect on the heat transfer. With the lamnar this blowing rate. the heat-transfer coefficient is little altered
boundary layer. for both laminar injection and turbulent by the injection and. of course, is little different from the heat
injection, two curves are plotted on -i. 9. In one. the transfer with the turbulent boundary layer in the absence of
reference heat-transfer coefficient is the same as for the injection.
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Fig. 9 Laterally averaged heat-transfer coefficient

1 j. other Lhan close to injection. With an initially laminar

1.2 x/D--6 L x/1=:,-05 boundary layer. h is relatively small between the holes at
X/D= 6.68, 'where one might expect incomplete transition to

I 1 1 turbulence. Relatively low h also occurs in a lainar
boundary layer in this region when there is no injection %et

t open holes.
0 -- - Figure II shows the variation of the average heat-tranter

0.6 - "" .& J coefficient with blowing rate at three different downstream
locations. Some results from [191 are included for com-

0.7 .5 . parison. The results tor laminar injection and a laminar0 Z/ 5 15 boundary layer should be noted. The ratio, i/h, is less than
unity at small X/D over the range of A for which experiments

1 L could be run. If the denominator of this ratio were the heat
1,transfer with a laminar boundary layer and no injection (even

- - '  "- with the holes open), the three points would be close to or&---A above unity. Further downstream, the ratio is near or abo,.e

iC. -t" unity. With laminar injection the heat-transfer coefficient

09 decreases with increasing M4 in the range studied. The tur-
bulent jets are still attached to the wall at M=0.5 and lead to

0.8 X/D 158 X = 37 39 a somewhat higher heat transfer than do the laminar jets.
There is a decrease in ih as M increases for the case of the

0 Z/O 0.5 10 1.5 0 05 10 I5 turbulent jet in an initially laminar boundary layer due to jet

Fig. 10 Lateral distributions of heat-transfer coefficient (symbols and penetration. At higher blowing rates the heat transfer
experimental conditions are the same as those described in Fig. 9) coefficient increases with M, as had been shown in an earlier

study [191 for the turbulent boundary layer and turbulent jet
- combination. Under ,Aose conditions, the turbulent jet flow

-,3, ,,,*,, '.2. %..--. ;tends to dominate the transport characteristics in the
- i.- mainstream.

• , - ," ." .- Conclusions

/ - -The major influence of the character of the boundary layer
and of the injection jets for film cooling in the geometry

. .... ;f .,.studied is in the differing results for laminar jet flow versus

- ------ "- turbulent jet flow. With laminar jets the maximum in film
cooling effectiveness occurs at relatively small values of the

- blowing parameter M. This is due to the greater penetration
e. , 44 I of the laminar jets at a given value of M as compared to

S•,turbulent jets. The fuller the velocity profile of the jet, the

2 i55 greater is the blowing rate before the jet tends to lift off the
surface. In this regard, it should be noted that flow through a

FIg. 11 Laterally averaged heat-transfer coefficients versus blowing short entrance section occurs in many applications and will
raw often result in a blunt velocity profile.

The nature of the boundary layer seems to play a bigger role
Figure 10 shovs the spanskie %ariation of the heat-tranfer when the jet is turbulent, at least in terms of the film-cooling

CoCliciCent-in all ;asQ-, %:ompared to the heat-tranter effectiveness. Thus, there is a higher effectiveness with the
coeflicicnt for the turbulent boundarN lacr s thi the trip in laminar boundary layer and turbulent jets, at least close to

the absence of injected flow. I here is hill ariation itlh / injection, as compared to the turbulent boundary layer with
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the turbulent jet. With the laminar jet, the nature of the Matsuki, M., "'Low- and High-Speed Cascade Tests of Air-Cooled Turbine
boundary layer does not greatly influence the effectiveness. Blades," ASME Paper No. 76-G r-40. 1976.

II Hanus, G. J. and L'Ecuyer, M. R.. "Leading-Edge Injection for Film
In terms of heat transfer with the turbulent boundary layer, Cooling of Turbine Vanes," Journal of Energy, Vol. I, 1977. pp. 44-49.

both the turbulent and laminar jets appear to have similar 12 Nouse, H., Takahara, K., Yoshida. T., Yamamoto. A., Sakata. K.,
influences, For the initially laminar boundary layer the most Inoue. S.. Mimura. F.. and Usui, H., "Aerodynamic and Cooling Per-inporuen ffes. F o inctil isitsminarfbouendary la thens nt formances of a Film-Cooled Turbine." Proceedings of the 1977 Tokyo Joint
important effect of injection is its influence on transition to Ga Turbine Congress, 1977, pp. 206-214.
turbulence. 13 Sakata. K., Usui, H., and Takahara. K.. "Cooling Characteristics of

Film Cooled Turbine Vane Having Multi-Row ol Ejection Holes." ASME
Paper No. 78-GT-21, 1978.

Acknowledgment 14 Metzger, D. E., Takeuchi. D. I., and Kuenstler, P. A., "Effectiveness

The support of the U.S Army Office of Research under and Heat Transfer with Full-Coverage Film Cooling," ASME Journal of
Enginerringfor Power, Vol. 95, 1973, pp. 180-184.Grant DAA29-79-C-O1 17 is gratefully acknowledged. Early 15 layle. R. E. and Camarata. F. J.. "Multi-Hole Cooling Film Ef-

portions of the study were supported by the Power Branch of fectiveness and Heat Transfer," ASME Paper No. 74-HT-9. 1974.
the Office of Naval Research. 16 Crawford. M. E.. Kays. W.M., and Moffat. R. J.. "Full Coverage Film

Cooling on Flat. Isothermal Surfaces: A Summary Report on Data and
Predictions." NASA CR-3219. 1980.

References 17 Launder. B. E. and York, J.. "Discrete-Hole Cooling in the Presence of
Free Stream Turbulence and Strong Favourable Pressure Gradient." In-

I Liss. C.. "Experimental Investigation of Film Cooling with Ejection rernattonul Journal of'Heat and Mass Transfer. Vol. 17. 1974. pp. 1403-1409.
From a Row of Holes for the Application to Gas Turbine Blade." ASNIE 18 Goldstein. R. J.. Eckert. E. R. G., and Ramsey. J. W.. "Film Cooling
Journalof Eng.nerngfor Power. Vol. 97. 1975. pp. 21-27. with Injection Through a Circular Hole," NASA CR-54604. University of

2 Bergeles. G.. "Three-Dimensional Discrete-Hole Cooling Processes. An Minnesota HTL TR No. 82. 1968.
Experimental and Theoretical Study." Ph.D. thesis. Imperial College. 19 Eriksen. V. L.. "Film Cooling Effectiveness and Heat Transfer with
University of London. 1976. Injection Through Holes." NASA CR-72991. University of Minnesota HTL

3 Pavri. R. and Tabakoff. W.. "An Analvtical Solution of Wall- TR No. 102, 1971.
Temperature Distribution for Transpiration and Local Mass Injection Over a 20 Laufer. J.. "The Structure of Turbulence in Fully-Developed Pipe
Flat Plate." ASME Paper No. 72-HT-57, 1972. Flow." NACA TR- 174. 1954.

4 Nilson, R. H. and Tsuei. Y. G.. "Film Cooling by Oblique Slot Injection 21 Pedersen. D. R.. Eckert. E. R. G.. and Goldstein. R. J.. "Film Cooling
in High-Speed Laminar Flow." AIAA Journal, Vol. 13. 1975. pp. 1199-1202. with Large Density Differences Between the Mainstream and the Secondary

5 Lucke. D. W.. Winstanlev. D. K., Hanus. G. J.. and L'Ecuyer. M. R., Fluid Measured by the Heat-Mass Transfer Analogy." ASME JOURNAL OF
"Stagnation Region Gas Film Cooling for Turbine Blade Leading-Edge Ap- HEAT TRAsSFEa. Vol. 99. 1977. pp. 620-627.
plications." J. Aircraft. Vol. 14. 1977. pp. 494-501. 22 Goldstein. R. I.. Eckert. E. R. G.. Eriksen. V. L.. and Ramsey. J. W.,

6 Russell. L. M.. "Flow Visualization of Discrete-Hole Film Cooling with "Film Cooling Following Injection Through Inclined Circular Tubes." Israel
Spanwise Injection Oser a Cylinder," NASA TP 1491. 1979. Journal of Technology, Vol. 8, 1970. pp. 145-154.

7 Sasaki, M.. Takahara. K.. Sakata. K.. and Kumaeai. T., "Study on Film 23 Kadotani. K. and Goldstein. R. J.. "On the Nature of Jets Entering a
Cooling of Turbine Blades." Bulletin of the JS AE, Vol. 19. 1976. pp. Turbulent Flow, Part B: Film Cooling Performance," ASME Journal of
1344-1352. EngineertngJorPower, Vol. 101. 1979. pp. 466-470.

8 Hiroki, T. and Kaisumata. .. "Design and Experimental Studies of 24 Sasaki. M., Takahara. K.. Kumagai, T., and Hamano. M.. "Film
TurbineCooling." ASNME Paper No. 74-GT-30, 1974. Cooling Effectiveness for Injection frcm Multirow Holes." ASME Journal of

9 Muska. J. F., Fish. R. W.. and Suo. St., "The Additive Nature of Film Engineeringfor Power. Vol. 101. 1979. pp. 101-108.
Cooling from Rows of Holes." ASME Journal of Engineering for Power, Vol. 25 Harinett. J. P.. Eckert. E. R G.. Birkebak, R.. and Sampson. R. L.,
98. 1976. pp. 457-464.. "Simplited Procedures for the Calculation of Heat Transfer to Surfaces with

10 Yoshida. T., Minoda. M.. Sakata, K.. Nouse, H., Takahara, K., and Non-Uniform Temperatures." University of Minnesota HTLTR No. 10, 1956.

3621 Vol. 104, MAY 1982 Transactions of the ASME



THE A CAN SOCIETY OF MECHANICAL ENGINEERS 82-HT-62I( 3 L 5.478L, New Yod N.Y. 10017

Ce aSd V, 1 1 15Eof0 OHead OMeber 800a O I hi h
9101000000, 0%NMael is ites Vlyi ~~ 95W IsPm*itstd In ss ASlo JsWMI.

University o usMainnesotameosUAngelese masi.ornia

eartmentsf e chaicaln Enginstee maringf et Thein a erospaeo Cospoteindb esrn

the local sublimation rate from a naphthalene surface. This mass transfer relates directly to the heat transfer

that would occur on a film-cooled wall. Mass transfer is used to study film cooling because of better control of
the boundary conditions and greater precision in the local meents than would occur with a he ed surface.
The experiments indicate that ets slgnificantly increase the transfer coefficient in the neighbor od of the holes
through which the Jets emanate--in particular, immediately adJacent to the holes and some distance downstream of i
the centerline of the holes.

NOMENCLATURE Greek Symbols

D injection tube inner diameter, 11.7 mm Pw density of naphthalene at surface

h heat or mass transfer coefficient 1w density of naphthalene at an impermeable surface

ha heat transfer coefficient, Eq. 2 s film coolng adiabatic wall effectiveness, Eq. of

he mass transfer coefficient, Eq. 3 INTRODUCTION

M blowing parameter or blowing rate; ratio of mass Film cooling continues to be a widely-used yet not

flux of injected air to mass flux of free stresa fully understood technique to prevent overheating of
surfaces exposed to hlgh-tesmperature gas streams.

a -hss flux of naphthalene from surface The ephasis in terim of applications is towards gas
turbine systems--both aircraft and land-based--where

Pr Prandtl number higher gas tenperatures can lead to significant im-

provements in economy and output.

q wall heat flux In film cooling, a fluid (usually a gas) is injected
Sc Scl d number from and along the surface to be protected from a

high-temperature magrstrem. The film coolant tends
S Sherwood number to act as an insulating layer separating the surf ace

Pr from the high-temperature flow. Alternately, one can
St Stanton number consider the injected fluid as a dilutant which redu-

ces the temperature in the boundary layer. Early
T adiabatic vall temperature film cooling studies ag concentrated on two-

dimensional flows with the coolant introduced contin-Tr free stress recovery temperature uously across the span of the surface to be protec-

ted. In many applications, however, a discontinuous
T2  film coolant temperature injection system usually with one or more rows of

discrete holes along the surface is used. This 1st-
K dometreem distance from downstream edge of ter method of injection, often called three-

injection holes dimensional film cooling, is usually not as effective
as two-dimensional fil, cooling because of the oppor-

Z lateral distance across span masured from tunity of the hot mainstre m to flow underneath the
center of injection holes Jets of coolant that emnate from the discrete holes.

ecently, full two-dimensiol jon ar of ection
holes along the surface have been studied. This
full-surface film cooling tends to approach transpir-
ation cooling in the limit as the spacing between the
injection holes decreases.

Contributed by the Heat Transfer Division of the
AWNt.



In studying either two-dimensional film cooling from Local measurements of heat transfer on a fIlm-cooled
a single slot or three-dimensional film cooling from surface with a single row of injection holes have
a single row or even several rows of holes, a conven- been reported by Erikson and Goldstein [91 and
lent means of analyzing the problem has been to con- Jabbari and Goldstein [101. In these studies, a unt-
eider the adiabatic wall temperature and the heat form wall heat Flux boundary condition was approxi-
transfer coefficient as separate quantities to be de- mated by having a thin heater stretched across an al-
termined. The adiabatic wall temperature can be put most adiabatic surface. Heat transfer coefficients
in a convenient dimensionless form as a film cooling were determined from local measurements of the wall
effectiveness temperature. These studies indicated an increase in

the heat transfer close to the injection location
n Ta

w 
- Tr (1) relative to that on an equivalent surface without In-

T2 - Tr jection. The heat transfer coefficients increased as

the amount of injected gas was increased and tended
In the idealized limit, the effectiveness would he to decrease some distance downstream of the injection
unity near injection and far downstream the effec- hole, eventually approaching the values observed
tiveness would approach zero as the adiabatic wall without injection. Vor a hole geometry similar to
temperature approaches the freestream recovery tem- that in the present experiment, the closest to the
perature. It should be borne in mind that although holes that measurements could be made was approxl-
the latter is generally true, the effectiveness -- mately 5.57 diameters downstream. The problem wit%
particularly with three-dimensional film cooling--is measurements closer to the holes, in these as in
usually well below unity even close to injection, other studies, is the error introduced by wall con-

duction as well as the difficulty in having a heated
Use of the adiabatic wall temperature permits the de- surface extremely close to the injection region.
finition of a well-behaved heat transfer coefficient

The present study was initiated to obtain information
q = hH (Tw - Taw) on heat and mass transfer very close to Injection

or holes over a range of flow conditions. The geometry
hH = q (2) chosen was similar to that of Ref. [91, a single row

Tw -
T
aw of holes inclined at 35* to the mainstream with 3-

diameter center-to-center spacing between the holes.
Note that when the temperature difference (Tw-Taw) is To avoid problems encountered with heat conduction in
zero, q goes to zero without any special requirement the wall, a mass transfer technique was used.
on hH. In addition, some distance downstream from in-
jection, the heat transfer coefficient should ap- MASS TRANSFER SYSTEMS
proach the value that would occur on a similar sur-
face with similar mainstream flow and no injected A mass transfer analogy has been used in a number of
flow. studies on film cooling. With two-dimensional film

cooling, local impermeable wall concentrations have
The present study Is concerned with measurements that been compared to adiabatic film cooling effectiveness
would lead to prediction of the heat transfer coeffi- for some time I1, 121. The validity of this mass
cients downstream of a single row of injection holes transfer analogy for injection through a row of dis-
with air as the film coolant and with a mainstream of crete holes was demonstrited in Ref. [131. The ad-
air. Although a number of different geometries for vantages of the mass transfer analogy for measuring
the injection holes are possible, a system is chosen wall effectiveness are that a large range of densi-
that approximates one used in many applications, ties can be obtained without having large temperature
This is a row of circular holes inclined at 35* to differences and the problems due to wall conduction
the surface and spaced apart, center to center, by 3 are avoided.
dimeters. Figure 1, which shows part of the test
apparatus, gives an indication of this geometry. A different application of the mass transfer analogy

is used in determining the influence of injection on
PREVIOUS STUDIES the heat transfer. Naphthalene sublimation has been

used to determine average mass transfer coefficients
A number of studies have been made on three- by determining the mass of naphthalene that is sub-
dimensional film cooling. Many of these, however, limed in either a forced or natural convection system
have been concerned primarily with the determination [14]. With this technique a naphthalene surface is
of adiabatic wall effectiveness. Reat transfer is cast in the particular geometry desired. With a
mch more difficult to determine, particularly when forced flow across that surface, mass will be contin-
close to the injection holes, at least in part due to ually lost due to diffusion and convection in a simi-
thermal conduction to or from the injected flow lar manner to heat transferred from a surface. The
through the wall over which the mainsteam flows, analogy between the mass transfer and heat transfer

processes is direct, taking into account differences
Most measurments of heat transfer with film cooling in properties and assuming the turbulent transport
have been done using a system in which averages are and boundary conditions are similar for the mass
taken at least across the span of the tunnel. This transfer and heat transfer systems.
includes studies by Metzger and Fletcher [21,
Metxger, Kuenstler, and Takeuchi [31, Liess 141, and One boundary condition in an isothermal air-
Moyle and Camrata (51. naphthalene system would be constant naphthalene

vapor pressure and vapor concentration at the surface
Crawford, Kays and Mbffat used heat transfer gauges which is equivalent to an isothermal wall heat trans-
to study the heat transfer with full-surface film fer boundary condition. The only significant differ-
cooling [6). feat transfer has been studied in high- ence in boundary conditions appears to be in the
speed tunnels using transient heat flux guages by velocity at the wall. The finite sublimation of
Schultz, Oldfleld and Jones [71 and Louis (81. naphthalene gives a normal component of velocity

2



which to absent in most convective heat transfer plate shown in Fig. 1. The injection tube Reynolds
studies. In general, this component of velocity is number was 2300 at H - 0.2 and about 23,000 at H = 2.
small enough that It does not significantly alter the
sublimation rate. The removable section (Fig. 1) consists of the naph-

thalene test plate, its support, and three injection
A mass transfer coefficient, hM, is defined by tubes as well as temperature-neasuring instrumenta-

tion. The main body of the naphthalene test plate is

H (Pwliw) ( ) ade of aluminum. The opening in the tunnel floor in
which the plate sits is 241 mms long by 170 mm wide.

In the present study the concentration of naphthalene The actual naphthalene surface within this plate is
vapor in both the freestream and in the injected gas 184 mm long by 95 mm wide. Thermocouples are embed-
is zero and Eq. (3) reduces to ded in the test plate to measure the temperature at

the naphthalene surface. The tip of the center injec-
tion tube near which measurements were made was bev-

ht = hM Pw (4) eled to reduce the metal exposure so that mass trans-
fer measurements within 0.1 D of the tube could be

This is analogous to Eq. 2. made. When the test plate is in the tunnel floor,
the three tubes are connected to the lower portion of

The analogy indicates that the Sherwood number is the injection system through tight plastic sleeves.
equivalent to the Nusselt number if the Schmidt num-
ber and the Prandtl numbers are equal. This implies
not only equal diffusion coefficients but equal tur-
bulent transport coefficients as well. No e

Surface
The Schmidt number (approximately 2.5 at ambient tem-
perature for naphthalene diffusing in air) has a dif- , T
ferent value from the Prandtl number of air (-0.7).
The comparison of mass transfer and heat transfer re- - -----

sults is often put in the form ... mmn 121 m Are o
Sh/Vu= (Sc/Pr) (5) I 9jectio Sure ce

where n is typically of the order of 0.4. Oil mm O ments

The validity of the analogy has been demonstrated by Bose- Sidewolls
Sogmn (151. Local measurments of mass transfer were 248mm
made by Lee and Harrow [161 and Kan, 1liwa, Mforishita, 184m m -
Hunakata and Nomura [17].

14mmTl IL -- C-...

EXPERIMENTAL APPARATUS AND PROCEDURE t2.7 mmj/
- S -5* 

-  
Perforoled

The experiments were conducted in the University of / Aluminum
Minnesota Heat Transfer Laboratory Wind Tunnel. The Plate
tunnel cross section is 0.355 m high, 0.61 = wide, Injection Tubehigh wid, (4.3mm 0.0., 11.7mmI1.0.
and 2.5 m long. Sidewalls for the present experiment

reduced the width of the channel to about 0.20 m.
These walls were set to diverge slightly to maintain Fig. I The naphthalene test plate
a uniform free stream speed of the air in the tunnel.
A wire trip followed by sand paper was placed about In preparing the naphthalene mold, the test plate was
0.41 m upstream of the naphthalene plate. The main- placed in an inverted position on a lapped stainless
stream velocity and the boundary layer profiles were steel plate. The perforated plate within the system
determined using a total pressure probe and static (cf, Fig. 1) was heated to about 80*C, somewhat below
pressure wall taps. With the normal free stream the melting point of naphthalene. After pouring in
speed of 15 mi/s, the boundary layer displacement the molten naphthalene, the system was allowed to
thickness at the upstream edge of the Injection k(olps . cool. When the outer naphthalene surface reached
was about 1.2 sa. The Reynolds number based on this about 40°C, it was freed by a sharp blow to the
velocity and 1) was I1 x 0 Extrapolation of the stainless-steel plate.
boundary layer thickness upstream indicated that the
effective starting point of the boundary layer was Measurements of the naphthalene surface profile were
155ma upstream of the trip wire. taken before and after exposure in the wind tunnel.

For these measurements, the test plate was placed on
Air 4as injected through six tubes, with three- a lathe bed which can be translated in the X and Z
diameter spacing placed across the span. These tubes directions. A mechanical depth gauge accurate to sp-
are essentially the same as those used in an earlier proximately 5 x I0

-4 
mm with a range of 0.2 am was

study [181. They have an 11.7 mm ID, a 14.3 mm OD, used to determine surface profiles from measurements
and are long enough to assure fully-developed turbu- at 370 locations in the area shown in the rectangle
lent flow at the exit in the absence of a mainstream on,Pig. 1. Only differences in naphthalene height or
flow. The flow injected through the tubes could be thickness are required. However, after exposure in
controlled by needle valves. The overall injected the wind tunnel, the test plate could not be replaced
flow was determined by measuring the pressure drop in exactly the same location on the measuring bed as
across an orifice plate. Three of the tubes were cut it had been when the first surface measurements were
off and the extensions to the plate surface were part taken. Therefore, at each Z location, measurements
of the Injection system Included in the naphthalene were taken at reference points on the alumninum frame



of the test plate. Thus, the displacement of a point aide surface of the Injection hole in the plate of
on the surface from a line connecting these reference the naphthalene. Contours for h/h0 less than 1.25
points both before and after exposure In the wind are not drawn ae they tend to spread out over large
tunnel could be determined. The mount of naphtha- areas.
lene sublimed varied from -.05 mm to - .18 mm.

Several special comparison tests were made. One was
Due to the great sensitivity of the naphthalene vapor for M - 0; for this experiment the lower portion of
pressure to temerature, care was taken to be sure each injection tubes was plugged. These results es-
the system was Isothermal. Temperatures were mea- sentially show the effect of the tube opening without
sured continuously using thermocouples embedded close any net outflow. A test with the top of the mIsjc-
to the naphthalene surface, along the Injection tIon hole plugged to give a smooth surface gave re-
tubes, and in the mainstream. Usually, the naphtha- suits which were very close to that of a continuous
lene surface could be maintained within O.25C of the surface of naphthalene. The slight difference ob-
free stream and the Injected air within 0.15*C of the served could be explained by the different concentra-
free stream. tion boundary condition at the plugged hole.

Measurements of the surface temperature gave naphtha- We had postulated that the jets, especially at high
lens vapor pressure and density or concentration. blowing rate, might act very much like solid rods
These measurements ware taken every five minutes and blocking the mainstream flow and produce eddies simi-
an average concentration was used to determine the lar to that around a tube In a croseflow. To examine
value over the period of the test. At the lowest this, another set of mass transfer data was obtained
blowing rate the naphthalene surface was exposed for with aluminum rods placed into the Injection holes to
approximately 90 minutes. At the highest blowing provide some solid blockage of the mainstream cross-
rate the test runs lasted about 60 minutes. flow. The rod extended up into the flow a distance

of 50 mm past the downstream end of the naphthalene
Knowing the change of depth and the density of solid surface.
naphthalene, the local mass transfer over the period
of exposure in the wind tunnel could be obtained. There are few earlier tests that show the effect of
From this and the surface concentration, the mass injection on heat and mass transfer close to an In-
transfer rate and the Sherwood number were deter- jection hole. For a row of inclined holes, heat
mined. The measurements were corrected for sublima- transfer data were obtained [91 no closer than XID-
tion during the time profiles were being measured, 5.5. In that study, there was concern for the effect
the time to set up the test plate in the tunnel, and of heat conduction close to injection. The present
the time for remounting it in the measuring appara- results give reasonably good agreement with Ref. [91,
tue. The total correction was typically of the order particularly at large Z/tD. Close to the centerline,
of 6.5% of the smallest sublimation depth. somewhat higher values of h/h 0 were found In the pre-

sent results. This may be due to the difference In
MASS TRANSFER RESULTS Reynolds number, the effect of heat conduction In the

The irs mesurmens o mas tanser eremad on tests of Ref. 191, or the lover values of ho at a
The irs mesurmens o mas tanser eremad on given X/D due to an active surface apstream of the

a flat uninterkupted surface of naphtbalene. From injection holes for this study vs no upstream heating
the measurements Sherwood numbers and Stanton numbers in Ref. (9].
for mass transfer were calculated. These results
compare favorably to a correlation for heat transfer The results shown in Figs. 2 and 3 can perhaps hest
from a flat surface to a turbulent boundary layer of be described by considering different regions on the
air taking Into account an "un-heated" starting surface around an injection hole. Referring to
longth and using Eq. 5. The experimental points are Figure 4, A corresponds to the region upstream of the
about 2% above the prediction line and have an almost injection hole, B to a region midway between two
Identical slope, holes, C to the region Immediately downstream of a

hole where a low transfer coefficient was observed, 1)
The measurements on the continuous naphthalene suir- to the region of high mass transfer coefficient Imme-
face Indicated the validity of the mass transfer diately adjacent to an injection hole, E to the re-
analogy for studying heat transfer. They also gave gion of high transfer coefficient downstream of the
the referen.e point for mass transfer coefficients on injection hole, and F to a region of relatively high
an undisturbed surface, ho, to which the results with transfer coefficient some distance downstream of the
Injection are compared. injection hole which occurs at the highest blowing

rates.
The influence of injection through the tubes on mass
transfer Is presented In terms of the ratio of the Upstream of the injection hole (region A), the mnasa
mess transfer coefficient with and without injection transfer is little affected by the presence of the
h/h0 . Note that ho Is determined in the absence of jet. At intermediate blowing rates there is slight
the Injection tubes as well. Figure 2 contains plots decrease of mass transfer, probably due to the slow-
of the relative mass transfer with distance down- ing down of the mainstream fluitd by the jet. At
stress at different lateral positions, Z. Each part small M4 there is not enough flow to slow down the
of the figure is for a different blowing rate. The mainstream air, while at large M the downstreaim velo-
position X - 0 corresponds to the downstream edge of city component of the jets io close to that of the
the injection holes and Z - 0 to the center of a mainstream fluid. With the solid bar (Fig. 2), there
hole. is an Increase in the mass transfer coefficient close

to the bar, This is probably due to secondary flow
The results are also plotted in contour form In similar to that observed near cylinders maintained
Figure 3 for different blowing rates. These Contours normal to a solid surface. The flow induced by the
were obtained from cross plots of the data shown In boundary-layer cylinder Interaction sweeps out a re-
Fig. 2. The ellipses in Figure 3 represent the in-
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Downstream of the Injection hole (region E), the max-
ilmum mass transfer occurs at KID a .75 for most val-
ues of M4 and at X/D 2 0.55 for solid blockage. The
maximum of h/h0 in this region Increases from 1.65 at___________M 1- 0.2 to 4.0 at M - 2.0; it is 3.5 for solid block-
age. As M Increases from 0.2 to 0.5, the width of
the region (defined by h/h0 - 1.25 contour) increases
and then remains about the same at higher M4. The

B Ilength of the region Increases from 1.5 to 3.8 diame-
h/h 0  F .2 tars downstream as M4 Increases from 0.5 to 0.65.

e _h/ho=1. 25 F Further Increases in M4 lengthen the region out to X/D
1 7.0 at M - 1.5 and past the edge of the naphthalene

A C _plate (X/D - 7.16) at H - 2. The shape of this re-
gion is affected by separation of the jet from theEF surface which begins to occur at M Z 0.5. With se-D p-cation, the mainstream flow penetrates beneath the
Jet and forms large eddies which Increase the mass
transfer. At small M the jet remains attached to the
surface and the increase In mass transfer is quite
small. At high M the pattern of mass transfer due to
the jets Is similar to that with solid blockage ax-
cept that in the former case the downstream region of
high mass transfer is narrower.

At high M, (1.5 and 2.0), two areas of high transfer
Fig. 4 The pattern of high transfer areas around coefficient (region F) are present downstream of In-

the injection holes jection. This region, symmetrical about the line Z -
0, apparently results from the partial reattachment

gion upstream of the cylinder. The effect would be of the jet to the surface. A jet entering a cross
smaller with a cylinder inclined downstream. stream can form a kidney-shaped cross section with

two symmetrical lobes that extend close to the sur-
In the central area between the holes (region B), in- face [19]. When the flow in these lobes touches the
jection has little effect on the mass transfer coef- surface some distance downstream of Injection, in-
ficient except at the highest blowing rates. Even creased wall shear and mass transfer coefficient can
then the increase Is only of the order of 10%, which occur.
may be due to mainstream acceleration caused by jet
blockage. It is also of interest to see how the mass transfer

averaged across the span of the plate varies with po-
Immediately downstream of the Injection hole (region sition and blowing rate. For Fig. 5, averages were
C), relatively low mass transfer rates occur. The obtained by numerically Integrating the local mass
minimum occurs at 0.2 to 0.3 diameters downstream for transfer coefficient measurements across the span.
most M. For zero blowing rate, however, there Is ac- Considering only the area where there was an active
tually a maximum value at the edge of the injection surface and not the open area of the injection hole,
hole downstream edge. The reduced mass transfer in a characteristic of these plots is the presence of
region C for most M can be explained by the action of two maxima. One Is due to the high transfer coeffi-
the jets creating a stagnat ion region Immediately cients in region D and Is at X/D between -1 and -0.5.
downstream of injection. The blowing rate has little The second peak at X/D between 0.5 and 0.9 Is chiefly
effect on this region. due to the high mass transfer in region E directly

downstream of the hole. Aa the blowing rate in-
For all flow rates other than H - 0, there Is an area creases, the magnitude of the upstream peak stays ap-
(region D) of very high mass transfer coefficient proximately constant at about 1.35 while the value of
along the sides of the injection hole which extends the second maximum increases.
some distance downstream (cf., Fig. 3). This high
mass transfer results from the jet mainstream 1 nter-6 SUMMARY
action in large shear stresses and eddies at the
edges of the jets. A similar result occurs with The mass transfer coefficient on a surface near a row
solid blockage. of holes through which air is injected has been mea-

sured. The measurements indicate large Increases In
Region D (defined by the h/h0 - 1.25 contour) extends the mass transfer close to the sides of the injection
from X/D Z -1.2 to X/D 2 6. at M - 0.2. At M4 - 0.5, holes (region D) and some distance downstream of the
this length is considerably smaller but gradually in- holes (region E). The results also Indicate that the
creases as M is increased above this point. The min- influence of the jets at high blowing rates on the
imum in the extent of region D may be due to lift-off mass transfer Is similar in many respects to the ef-
of the jet from the surface. The maximum value of fect of solid blockage that occurs if a solid rod Is

* h/h0 along the sides of the Injection holes Is be- placed into the injection hole and extended out into
tween 2.5 and 3.0 for most !4. This maximum usually the mainstream.
occurs between X/D of -1 and -0.5. The narrow width
of the high mass transfer coefficient region suggests
the scale of the eddies created by the jet-mainstream
Interaction. This region of high mass transfer ex-
tends considerably further downstream with the jets
as contrasted to solid blockage.
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HEAT TRANSFER IN HIGH-TEMPERATURE GAS TURBINES:
Film Cooling and Impingement Cooling

R. J. Goldstein
Mechanical Engineering Department, University of Minnesota

Minneapolis, Minnesota 55455, U.S.A.

ABSTRACT V2 - viscosity of injected fluid

Film cooling and impingement cooling as v. - viscosity of mainstream fluid
used in modern gas turbine systems are de-
scribed. Both processes lead to three-
dimensional turbulent flows which are com-
plex and difficult to analyze. Different INTRODUCTION
experimental techniques, including the use Gas turbine engine designs have progressed
of mass transfer analogies, have been used to higher and higher temperatures at the
in studying such flows to permit more ac- inlet to the turbine section. In some sys-
curate measurements and to avoid the neces- inlet t epeture Ishie than
sity of going to a high-temperattare hostile tems, this inlet temperature is higher than
environment in the laboratory. The pre- Thus, some means must be provided to pro-
sent paper primarily describes research tect the blades and maintain them at ten-
that has been performed in the Mechanical peratures not only below their melting
Engineering Department of the University of point but sufficiently low to ensure long
Minnesota. operating life in the face of extreme tem-

perature gradients and the potential of
stress rupture and creep.

NOMEN:CLATURE On stationary gas turbine systems, various

D -injection hole diameter coolants may be employed to maintain mod-h heat transfer coefficient erate temperatures on the exposed surfaces.ho a heat transfer coefficient in ab- one design under consideration uses water
seat orfer eficiecooling. If the blade is only cooled in-
sence of injection ternally, however, the temperature drop

I - momentum flux ratio across the blade skin -even with ideal
K acceleration parameter cooling- may be so high that the external
M "blowing rate (p2u2/0mu,) temperature of the blade surface may be at
Nu Nusselt number an unacceptable value. With water-cooling
Re D Reynolds number (uD/v) - systems, a very thin skin is used and rel-
Re D/vatively low temperature water serves as

j 2 2 the coolant.
S spacing between injection holes
T temperature For an aircraft engine, the only coolant
Taw adiabatic wall temperature generally available is the air that flows
T w recovery temperature of mainstream through the engine. This usually is takenr roff at some stage of the compressor, oftenT - wall temperature at the last stage, and thus is already at

temperature Of injected fluid a somewhat elevated temperature. In addi-2 mt tion, because of the relatively poor heat
T - temperature of mainstream transfer characteristics of air, internal
U velocity of injected (coolast) flcid convection cooling may not be sufficient.
2 1 ad Often some means must be taken to reduce

u - velocity of mainstream the heat flow from the hot gas to the out-

X - distance downstream from trailing side surface of the blade itself.
edge of injection hole Figure 1 shows a high-performance turbine

Y distance normal to surface
Z - position along span, measured from blade for a modern engine [11. Rather

center of injection hole than a simple solid blade, the inside is a
a - angle between injectedo flow and complex geometry of flow passages to pro-

mainstreamvide different types of cooling. Near the
Smaintrem tileading, edge region of the blade the exter-
momentum thickness of boundary layer nal heat transfer is very high: an im-

02 density of injected fluid pingement system provides an array of jets
P density of mainstream fluid which strike the inside surface in this

- film cooling effectiveness %egion. These jets provide a relatively
nCL - film cooling effectiveness at Z0 high internal convection heat transfer co-

efficient. The spent air from the jets can
a film cooling effectiveness averaged then flow out through film cooling holes.
over the span The injected (or coolant) air provides con-

- (T-T.)/(T2-T,) siderable heat transfer during its flow
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from the turbine blade. Another way oflooking at the film coolant is that it

tends to decrease the temperature in the
lei Mwasboundary layer and thus reduces the heat

flow to the blade surface. The flow
* through injection holes also provides more

p e I internal cooling of the blade skin. This
is particularly important in the leading
edge holes which are often designed toFit pie ,no,,,o have a fairly large length-to-diameter

* I ratio.

Different injection systems have been used
for film cooling 12]. In what has come to

0, 0() be called two-dimensional film cooling, a
continuous slot (across the span of the
system) is used to inject fluid. Various
types of step-down slots, angled injection,

Figure 1 Typical High Pressure Turbine and flow through porous regions along a
Blade Using a Combination of wall have been used (Figure 2). These two-
Film, Impingement, and Promoted dimensional systems are usually quite ef-
Convection Cooling [1] fective, as the continuous flow of coolant

--across the span is, essentially, irpressedthrough the skin of the blade, particularly down upon the wall by the mainstream flow,
in the leading edge region. In terms of providing effective protection of the sur-
film cooling action upon injection to the face. However, such geometries are not
external flow, the coolant should be kept feasible in many systems -such as in gas
close to the surface where it serves as an turbine blades. In these, a series of dis-
insulating layer between the surface and crete injection holes is required for the
the hot gas flowing over it. In addition proper structural characteristics; either
to the leading edge region, film cooling a single row or multiple rows of holes can
holes are often provided on both the pres- be used. With full surface film cooling
sure and suction sides of the blade. In there is a two-dimensional array of in-
the aft region of the blade, internal con- jection holes along the surface of the
vection cooling includes the use of pin blade, a system that approaches transpira-
fins. These promote the heat transfer in tion cooling.
the trailing edge region of the blade.

The air that is used for cooling is supplied , .,
by the compressor. If not used for cooling,
it could flow through the compressor and
turbine stages, pr'viding more engine out-
put. Design practice calls for using as -,.
little cooling air as possible to maximize IOT.T-wmxnL Aws W M. OF
the throughflow to the combustor and tur-
bine. In addition, the air injected by --
film cooling or out the trailing edge of • C
the blades should not decrease too greatly \\NVJ k \\ C:)
the aerodynamic efficiency of the turbine. V" 61

The work to be described primarily concerns I
film cooling research conducted at the 6
Mechanical Engineering Department at the.
University of Minnesota. Developments to i 'aa
measure film cooling effectiveness and heat

-" transfer following coolant injection are Figure 2 Film Cooling Geometries
described. Research has also been done on
impingement cooling in the presence of With discrete hole injection -for example,
crossflow, either from a separate air stream through a single row of angled injection
or from an upstream set of injection holes. holes- the film cooling performance is

often far worse than with a continuous
FIL.4 COOLING slot. The resulting three-dimensional

flow (three-dimensional film cooling) can
if only internal air cooling is used, the permit individual jets of injected fluid
temperature drop across the £kin of a gas to penetrate through the boundary layer
turbine blade may be too high. Thus, in -into the mainstream. The injected fluid,
many systems, some means of reducing the *then, is not close to the surface which it
heat flow to the outside of the turbine ,is intended to protect. Mainstream flow
blade must be provided. This can be done can go around the jet and heat or overheat
with film cooling, in which relatively the surface which it is supposed to pro-
cool air is injected close to the surface tect.
of the blade. This air flows downstream
along the surface, acting as an insulating Figure 3 is a representation of the flow
layer and separating the hot gas stream following injection at relatively high

blowing rate, M -in this case, through a
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Figure 3 Sketch of Half-jet Based on Figure 5 Constant-Temperature Contours

Tuft observations for 90 Deg Injection Age,

M=2.

single hole normal to the surface. The jet
takes on a kidney-like shape witb main- fluid stream [4]. Greater penetration is
stream flow going around and under the jet. observed at the large blowing rates. The

Figure 4 shows the temperature profiles short-time exposure photos show the large
downstream of a single normal jet (3]. Note scale of the eddy motion of the flow. It
that when the flowing rate is fairly small, is not apparent from the picture that
the jet appears to remain very close to the there is an actual "lift-off" of the jet

surface. As the blowing rate increases, the at high blowing ratio as is indicated in
jet lifts away from the surface, with the Figs. 3-5. Lift-off does occur, al-
center of the jet considerably elevated and though at times the eddies from the jet
rising continually as it goes downstream, do touch down upon the surface.
Figure 5 shows contours of constant temper- ............. - - ..
ature at various positions downstream of a tia~.*I -'i
single injection hole [3). Note the kidney- " "T
shaped profile of the isothermal lines. L.
From these profiles, high blowing rate in-
jection would not be expected to provide .. ,, |..,
good film cooling performance because the IF I'
coolant is away from the surface.

Figure 6 Photographs of Jet in Crossflow
with Normal Injection

[Many of the figures shown previously repre-[I sent flow from a single jet entering a
mainstream. In practice, of course, at
least a row of jets is used in film cool-
ing. In addition, the injection is gener-'Figure 4 Temperature Profil s for 90 Deg ally not noral but inclined as close to

Injection Angle, Z/D=0 the wall as possible. This tends to keep

The interaction of a jet entering at some tht jet closer to the surface. Design
itimitations, however, often preclude the

angle to the mainstream can result in very jets being at angles smaller than 30 or 35.
large eddAes of the order of size of th degrees from the surface.
Jet diameter or greater. This large-scale
interaction makes analytical prediction of In deterinng the effectiveness of protec-

the flow and heat transfer along the wall tion that film cooling affords, different
quite difficult. Figure 6 shows the flow ti ee coolin afods, dfrn

inteacton f t eterng orml t a arenet es ab used. A Common and con-evenient one is a masure of the adiabatic
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wall temperature,Taw. This is the tempera-
ture of a wall downstream of film cooling,
assuming the wall is truly adiabatic, with- ,. L|
out any heat passing through it. It is the ,
limiting temperature that the wall would J|. |
reach and permits the use of a simple and +-0 J
convenient dimensionless parameter, the -

"film cooling effectiveness",

T -T 5 .19 0
aw r .'3

The adiabatic wall temperature provides a __
reference that can be used in defining a -
heat transfer coefficient, •__

. LO-0 RAE m0

q = h (Tw - Taw) (2)

Figure 7 Effect of Blowing Rate'on Cen-
Far downstream the dimensionless film cool- terline Film Cooling Effective-
Ing effectiveness would generally approach ness for Single Hole and Nultiple
zero while near injection, at least with Hole Injection at an Angle of
two-dimensional film cooling, Taw is close 35 Deg with the Flow
to the injection temperature and the ef-
fectiveness is close to unity. the wall, resulting in an increase of ef-

fectiveness with M at large X.
The film cooling effectiveness is a func-
tion of many variables, including the geo- Strictly speaking, the results shown in
metry of the injection system, the proper- Fig. 7 are only valid for a density ratio,
ties of the mainstream and injection fluids P2/0-, close to unity. To study the in-
(in particular, the density difference if fluence of larger variations in the den-
the two are the same chemical composition), sity of injected gas compared to that of
the position along the surface, and the the mainstream, an injection temperature
blowing parameter, M, or the momentum flux very different from that of the main flow
ratio, I. could be used. This is what occurs in

many applications where the absolute tem-
Though not the only possible definition for perature of an air-free stream may be
h, the one given by Equation 2 is conven- 1-1/2 to 2-1/2 times that of injected
ient. When the wall temperature approaches coolant air, resulting in very large den-
the adiabatic wall temperature, hmaintains sity differences. The use of a mass trans-
its finite value. Far downstream the heat fer analogy permits a study of the effect
transfer coefficient should approach that of density ratio on film cooling at moder-
due to the mainstream flow alone. This ate (room) temperature. With this system
latter property has often been found to be (61, instead of injecting a hotter or
the case, even relatively close to injec- colder gas through the injection holes, air
tion for small and moderate blowing rates. mixed with another gas -either a tracer,

to have a density ratio of approximately
Figure 7 shows the variation of the adia- unity, or a large concentration of the
batic wall temperature (film cooling ef- other gas, to have a density higher or
fectiveness) with blowing rate for injec- lower than that of air- is used. Down-
tion through tubes inclined at an angle of stream of injection, a wall concentration,
30 degrees to the wall surface [51. The rather than a wall temperature, is measured.

---- .. effectiveness is determined along a line This wall concentration leads to an imper-
downstream of the center of an injection meable wall effectiveness which can be
hole (Z-0). Note the maximum effective- shown to be equivalent to the film cooling
mess occurs at a blowing parameter of ap- (thermal) effectiveness [6,7].
proximately O.S. There is relatively
close agreement between the results for The effect of density on film cooling can
single hole injection and for a row (across be observed in Figure 8 (61. For varying
the span) of holes, at least at low and injection rate, the maximum of effective-
moderate blowing rates and sfall distances ness appears to occur at a fixed ratio of
downstream. As more mass is.,injected the velocity of the injected fluid to that
through the injection holes (M larger), one of the mainstream fluid. Note that the
might expect more flow along the surface to -fkgure shown is specific to the injection
act as an insulating layer or more mass to -geometry used, a single row of holes in-
reduce the temperature in the boundary ilined at approximately 35 degrees to the
layer. However, at sufficiently high blow- mainstream.
ing rates the jet tends to leave the sur-
face, resulting in poor effectiveness.
With a row of holes at high blowing rates,
the jets can merge together some distance
downstream and be partially turned towards
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Figure 8 Effect of Injection Velocity On Figure 0 Local Distribution of Effec-
the Center-Line Effectiveness tiveness for M ijt0.5
for Injection Through a Row of
Inclined Holes, Z/D0 pAnother means of having the injected jets

stay close to the wall and not penetrate
An important goal is reducing the effectof into the mainstream involves changin the

sblow-off on film cooling effectiveness simple geometry of a round tube. The tubes
Essentially this means preventing, or de- are widened near their exit and a fairly
laying, blow-off so that it does not occur straight lip is used as the downstream
at the values of blowing rate or velocity edge of the hole. This is to simulate
ratio used in many applications. At least the geometry that produces a two-dimensional
two designs to prevent or reduce blow-off jet where, in the absence of a mainstream,

have been tried. One involves throae of a Coanda-type effect might cause the in-
multiple rows of holes. With two stag- jected flow to follow more closely the
gered rows of holes, as shown in Figure 9, surface downstream of injection 19. Fi-
the jets emanating from the upstream row gure 11 shows flow following injection
tend to fill the space between the jets through a round cylindrical hole and throuch
from the downstream row. This provides the special widened or shaped hole. Note
more blockage across the span of the tun- that both in the absence and presence of a
nel by the jets, affording less possibility crossflow or mainstream flow, the jet leav-
for the mainstream f luid to go around and un- ing the shaped hole tends to stay closer to
derneath the jets. The jets are essentially the surface, which should give better film
pressed down, maintaining the coolant flow cooling performance. Figure 12 shows that,
along the wall. The resulting improvement indeed, superior film cooling performTance
in effectiveness is shown in Figure 10, occurs with the shaped hole, particularly
where the film cooling performance of a at the high blowing rates, where the jets
single row of holes is compared to that of from the shraight holes tend to lift off
two staggered rows [8]. the surface [9].

P-0-

Figure 9 Film Cooling injection with Two
Staggered Rows of Holes

Figure 11 Flow Visualization Study of
Jets Leaving a Cylindrical or [

~Shaped Channel
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Figure 12 Centerline Effectiveness As a Figure 13 Average Film-Cooling Effective-
Function of Blowing Rate For ness As a Function of Icos:a
Injection of Air Through Straight for 02/0--0.95
Round Holes and Shaped Holes,
Row of Holes on 3 D Spacing mainstream direction), there is consider-

ably better film cooling performance on
The results for film cooling described the convex surface than on the flat sur-
above refer to a flat surface at and down- face, while at higher blowing rates, where
stream of injection. However, in may ap- the jet would tend to move away from the
plications, including those on a turbine surface, the convex surface gives the
blade, the mainstream flows over a curved poorer film cooling performance. Just the
surface. There might be little difference opposite occurs on the pressure (concave)
in the film cooling on such a surface fol- side of the blade, where, at a low momen-
lowing a two-dimensional slot. With flow tum flux ratio, the jet is "pushed" by the
through discrete holes, however, filmcool- pressure gradient away from the surface,
ing is strongly affected by surface curva- giving relatively poor film cooling effec-
ture. tiveness.

Consider the flow of a jet along with a The influence of curvature on film cooling
mainstream around a curved surface. For is very important with a single jet or a
simplicity, assume the velocity of the jet single row of jets. This has not always
is in the same direction as the mainstream been considered when predicting cooling
Above a convex surface, the pressure in the performance on turbine blades. Curvature
mainstream flow increases with distance would not be expected to have as great an
from the wali. Thus, a jet of relatively influence on film cooling from two stag-
low momentum (compared to the mainstream) gered rows of holes where the jets tend to
might be pushed by this pressure gradient merge and act more like a continuous slot.
towards the wall, tending to provide good
film coolin'. If the jet had a high mo- Other parameters that have been studied
mentum Lux relative to that of the free relative to their influence on film cool-
stream, the jet might tend to leave the ing include freestream'acceleration 1i],
surface on the convex wall, giving rela- freestream turbulence [12], and the lami-
tively poor film cooling. Just the oppo- nar versus turbulent nature of both the
site would be expected to occur on a con- injected coolant flow and the boundary
cave wall, where, at relatively low velo- along the surface (13]. Modest accelera-
city or momentum flux, the jet could be tion of the mainstream flow does not have
"pushed" away from the surface by the i great effect on film cooling. At low
higher pressure near the surface. At high blowing rates, high turbulence mixing de-
momentum flux ratios on the concave sur- creases somewhat the effectiveness along
face, the jet might be expected to impinge the center line of the injection hole.
on the surface downstream of injection, Freestream turbulence intensity does not
yielding good film cooling. significantly alter the lateral distribu-

tion of effectiveness, while changing the
Experiments were performed w~th a turbine turbulence scale does affect it consider-
Cascade in which the geometrf'of the blades ably. When the coolant flow in the in-
corresponded to a current design 1101. The jection hole is laminar, the effectiveness
mass transfer analogy was used to obtain ig'lower than that following turbulent in-
an impermeable wall effectiveness on the 'jection. This lower effectiveness, parti-
pressure (concave) and suction (convex) 7cularly at blowing rates near where lift-
sides of a blade. A comparison of these off tends to occur, is apparently due to
results with results obtained previously the peaked nature of the velocity profile
for film cooling on a flat surface is given with laminar flow.
in Figure 13. Note that at low blowing
rates (actually, momentum flux ratio in



The influence of zoolant injection on theheat transfer coefficient is shown in

Figure 14, where the heat transfer coef-
ficient isco.mpared to that which would
occur in the absence of blowing [141. Note
that at low blowing rates, the heat trans-
fer coefficient is close to that found for
zero blcwing, as is also true some dis-
tance downstream, even at quite high blow- 100 h/ha 2.5 2.25 20175 15 L25

ing rates. The results on this figure were Z/ .50
taken with actual heating of the surface .25 M ...
downstream of injection. With heating, it 0

is difficult to get accurate values of the Z 5. .- L Z .5 I.- .25
surface heat flux close to the injection XI
hole through which the coolant flows. Ther- ,/O
mal conduction through the wall can lead to 2 -8 0 I 2
significant errors in measurement of the .

local heat transfer at small distances
downstream of injection.

Figure 15 Contours of Constant Values of
L . . . .h/h 0 for M = 0.5

ment heat transfer was concerned with flow
L4 . from a single round jet or from a two-dimen-

sional slot intoa still atmosphere. The in-
fluence of crossflow on impingement heat

b. 2 0 . transfer, however, is important in many appi-
cations. Figure 16 shows the flow of an im-
pinging jet with various crossflows at richt

* .'-angles to the jet [161. At low values of the
crossflow (hiah values of the flow para-eter,

,.,, 0 a M) , the jet impinges almost directly acrcss1- a from itsexithole. As the jet flow rela-
tive to the main flow decreases, it is

, r iturned in the downstream direction until at
a as 8. 8. Zo 2. sufficiently low jet velocity it appcars not

U to impinge at all on the opposing surface.

Figure 14 Variation of the Center-Line . .,.,4 .-..
Heat Transfer Coefficient With U *.... j. .- .. ',- ..,...-.-i

Blowing Rate ~.-.j . ~~As an aliernate technique, a mass transferanalogy using the sublimation of naphthlene :

was used [151. Measurements of the rela- .
tive mass transfer rate close to injec- 4
tion can then be taken. Figure 15 shows .. ,
the high mass transfer coefficients that ".
occur in the vicinity of the injection *-

hole. Values many times that obtained in of'
the absence of injection occur both immedi- • -. - .
ately adjacent to the hole and immediately
downstream of the hole. it is important.
to know the heat transfer coefficients in - . .
this region because of their influence on
the thermal stresses that are produced by as. . 1,w

temperature gradients along the surface.

IMP IN:GEMETr COOLIN4G 1i
In many applications, very high local heat ,; ' ,-,
transfer can be obtained with impingement • .id
of one or more jets onto a Asrface. Such
impingement heat transfer is used in cool- --." .'.1 - "-

ng of many systems, including the leading HS I t a- so U *
edge region of a turbine blade (cf. Fig. 1). . .-. --- _. - I

The high heat transfer in the impingment
region is primarily due to the high velo-
city and thin boundary layer that occur Figure 16 Impinging Jet flow for Jet-to-
there. Much of the early work on impinge- Wall Spacing of Six Diameters
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In measuring heat transfer with an imping-
ing jet, care must be taken because of the
high rates of heat transfer and, therefore,
small temperature differences thr occur in 125
the region of impingement. In addition, 30-4 v/ 2
the recovery temperature along the wall is
not easy to predict. Recovery factors,
both greater and less than unity, are mea-
sured in the impinging region. The heat 7.
transfer coefficient should be defined
using the temperature of the wall minus
the recovery temperature. V j \7\-
Figure 17 shows the influence of crossflow ",
on impingement heat transfer [161. At re-
latively low crossflow, or high jet velo-
city, the maximum heat transfer is directly 0-i I
opposite the center of the injection hole. -s o 5 1ao X Is 2o 25 3D
As the injection velocity decreases for a
fixed mainstream flow, the peak heat trans-
fer decreases and the location of the peak Figure 18 Spanwise Average Nusselt
moves in the downstream direction. Number For Impingement From

An Array of Jets

CONCLUDING RE.!ARKS

P -1.1 i We have briefly surveyed studies on film
v-- ._u,_._cooling and impingement heat transfer that-- ijz~1~ . have been conducted at the Universitv of

.- ----.-., ' - -  Minnesota. Flow phenomena related to the

4.',-- .I- interaction of discrete jets with a main-
.-. _*'.,'_r,.--- .4_O stream are quite complex and far from
- - - - - -fully understood. Because of the large

7T structure of the eddies and the resulting
=i7.:_ complex interactions, it is difficult tor- - .,_ .' - , develop good analytical or numerical pre-

:M', dictions for such flows. Several se:-i-
empirical techniques using turbulent eddy:r r t. -diffusivities have been used and are con-

00 venient for developing correlations. These

are described in earlier works. Consider%
ably more experimental and numerical work
is necessary to fully take into account

Figure 17 Heat Transfer Coefficient For the influence of such things as surface
Jet Impingement With Crossflow curvature and injection jet geometry on

adiabatic wall temperature and local heat
In many applications, a row of Jets, or transfer.
perhaps a two-dimensional array of jets
is used to cool a surface. With a two-
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